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Sedimentary diatom profiles from saline lakes are frequently used to reconstruct 
lakewater salinity as an indicator of drought. However, diatom-inferred salinity 
reconstructions (DI-salinity) from geographically-close sites in the Great Plains (USA) 
have yielded disparate results. Here, I explore how within-lake ecological processes, such 
as physical changes in lake habitat and zooplankton grazing pressure, may affect the 
accuracy of diatom-based salinity reconstructions. I examined how relationships differed 
among drought, lake-level change, and diatom community structure over the last century 
by developing three-dimensional models of planktic:benthic habitat (P:B) relationships 
with lake level change. I explored the potential for zooplankton grazing influence by 
comparing fossil zooplankton records with diatom inedibility for two prominent sites. I 
also examined ecological characteristics for diatom communities over the past century at 
six sites in the northern Great Plains, and developed new DI-salinity transfer functions 
based on ecological subsets of diatoms rather than full communities. I compared these 
  
reconstructions and characteristics with instrumental drought records to understand 
drivers of change in diatom community structure and how drought conditions were 
recorded in fossil diatom assemblages on a site-by-site basis. 
The accuracy of drought reconstructions were affected by site-specific ecological 
characteristics that interfered with the representation of lakewater salinity signals within 
diatom records. Three-dimensional basin models showed that P:B habitat changes can 
strongly influence diatom communities, and in simple basins, P:B of sedimentary diatoms 
may be a preferable proxy for drought over DI-salinity. Zooplankton community 
structure varied through time at each site, and the relationship between zooplankton taxa 
and diatom inedibility also differed between lakes. This suggests that influence of grazing 
pressure on diatoms is likely unique at each lake, depending on the ecology of dominant 
zooplankton taxa and other within-lake ecological processes. New DI-salinity 
reconstructions, based on ecological subsets of diatoms, improved correlations with 
instrumental drought records at 5 of the 6 sites, though at some lakes ecological features 
of diatom assemblages were more representative of drought than DI-salinity 
reconstructions. The integration of additional ecological characteristics into 
interpretations of paleoclimate records, particularly for biologically-based 
reconstructions, is important to improve our understanding of site-specific responses to 
regional environmental changes.  
 
iii 
 
ACKNOWLEDGEMENTS 
 I would like to thank my advisor, Jasmine Saros, for her guidance and support 
through all of my limnological adventures. My experiences in her lab have shaped my 
life professionally and personally, and I am incredibly grateful for the opportunities she 
has provided to me. It has been a wonderful journey, from early debates about Cayuga 
Lake to hiking up mountains out West, from dodging cows on the prairie backroads to 
visiting Loch Ness. Thank you for everything.  
I also thank my committee members, Sheri Fritz, George Jacobson, Mike 
Kinnison, and Kevin Simon for their valuable comments and insight over the years – the 
range of expertise that I was able to draw upon greatly improved my work and critical 
thinking as a scientist. I thank my funding sources at the University of Maine for 
financial support during my doctorate work: Provost Fellowship and Chase Distinguished 
Research Assistantship; School of Biology and Ecology for support with teaching and 
research assistantships; Graduate Student Government for grants for degree-related 
research and travel to present my research at meetings; and the Gokcen Fund and School 
of Biology and Ecology for travel to present at meetings.   
I would also like to thank Sheri Fritz, Kate Laird, and Dan Engstrom for their 
generosity in data sharing, which made this work possible. Jeffery Stone was 
instrumental in developing the lake-level models as well as for his insight into diatom 
ecology. Thank you to Will Hobbs for help in the field with core collection, and to Tom 
Hess in the UMaine Physics Department for dating cores for the zooplankton work. I am 
grateful for administrative support from Betty Lee and Becky Addessi in the Climate 
iv 
 
Change Institute, and Sue Anderson and Trish Costello in the School of Biology and 
Ecology.  
An enormous thank you goes to my lab group and officemates, particularly 
Kristin Strock, Kate Warner, Krista Slemmons, and Carl Tugend, for reviews, support, 
and help in the lab. I am especially grateful for the many hours of discussion that helped 
me work through the complex concepts within my work – your moral support (and 
frequent snacks) kept me sane. Thanks also to our extended lab group for comments on 
data and manuscripts at our weekly meetings. Thank you to the faculty, staff, and fellow 
graduate students (past and present) from CCI and SBE, who helped with everything 
from day to day issues to the development of my teaching skills – in particular, Nicky 
Spaulding, Sharon Sneed, Kevin Tracewski, and Farahad Dastoor. 
 To my family and friends, a simple thank you is not enough – without you, this 
work would not have been possible. I am grateful to my parents, Jeff and Cindy, and my 
brothers, Adam and Eric, for their love and support. Thank you for teaching me to believe 
in myself, supporting me during my adventures, and always listening when I ramble on 
about critters eating other critters and messing up my data. Special thanks to the Perry 
family for graciously providing me with a “home away from home” here in Maine. 
Finally, thank you to Randall Perry, for his love and support, and for keeping me 
laughing along the bumpy road of grad school. Despite his best efforts at converting me 
into a geologist (and my growing rock collection), my preference remains for living 
things  –  since rocks are merely good, not great, compared to diatoms.  
 
 
v 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS ............................................................................................... iii 
LIST OF TABLES ............................................................................................................. ix 
LIST OF FIGURES ........................................................................................................... xi 
 
Chapter 
1. INTRODUCTION TO ECOLOGICAL INTERACTIONS                                            
AND PALEOLIMNOLOGY ......................................................................................... 1 
2. LOW COHERENCE OF DIATOM-INFERRED SALINITY ACROSS THE     
GREAT PLAINS (USA): POTENTIAL ROLE OF CLIMATE-INDUCED 
CHANGES IN LAKE HABITAT .................................................................................. 8 
2.1. Chapter Abstract ...................................................................................................... 8 
2.2. Introduction .............................................................................................................. 9 
2.3. Methods.................................................................................................................. 14 
2.3.1. Study sites ....................................................................................................... 14 
2.3.2. Fossil diatom records ...................................................................................... 16 
2.3.3. Lake-level and habitat reconstruction ............................................................. 17 
2.3.4. Comparisons across and within lakes ............................................................. 19 
 
 
vi 
 
2.4. Results .................................................................................................................... 20 
2.4.1. Diatom-inferred salinity reconstructions ........................................................ 20 
2.4.2. Lake-level and habitat reconstructions ........................................................... 21 
2.4.3. Coherence across lakes ................................................................................... 26 
2.4.4. Within-lake coherence .................................................................................... 29 
2.5. Discussion .............................................................................................................. 32 
3. INVESTIGATING POTENTIAL EFFECTS OF ZOOPLANKTON GRAZING          
ON THE ACCURACY OF DIATOM-BASED SALINITY INFERENCES IN 
PRAIRIE SALINE LAKES OF THE GREAT PLAINS (USA) ................................. 38 
3.1. Chapter Abstract .................................................................................................... 38 
3.2. Introduction ............................................................................................................ 39 
3.3. Methods.................................................................................................................. 42 
3.3.1. Study Site ........................................................................................................ 42 
3.3.2. Sediment core collection and dating ............................................................... 43 
3.3.3. Cladoceran remains ......................................................................................... 44 
3.3.4. Diatom edibility analysis ................................................................................ 45 
3.3.5. Statistical analysis ........................................................................................... 46 
 
 
 
vii 
 
3.4. Results .................................................................................................................... 47 
3.4.1. Chronology ..................................................................................................... 47 
3.4.2. Cladoceran remains ......................................................................................... 47 
3.4.3. Diatom edibility analysis ................................................................................ 56 
3.4.4. Influences of drought and spring temperature on zooplankton          
communities .................................................................................................... 59 
3.4.5. Zooplankton communities and inedible diatoms in sediment cores ............... 61 
3.5. Discussion .............................................................................................................. 63 
4. ADDRESSING SPATIAL VARIABILITY IN PALEOCLIMATE         
INFERENCES: A CASE STUDY FROM THE NORTHERN GREAT                 
PLAINS (USA) ............................................................................................................ 70 
4.1. Chapter Abstract .................................................................................................... 70 
4.2. Introduction ............................................................................................................ 71 
4.3. Methods.................................................................................................................. 73 
4.3.1. Study site and instrumental drought records ................................................... 73 
4.3.2. Sediment core collection and diatom ecology ................................................ 76 
4.3.3. Diatom-inferred salinity .................................................................................. 76 
4.3.4. Statistical analysis ........................................................................................... 77 
 
 
viii 
 
4.4. Results .................................................................................................................... 78 
4.4.1. Changes during the 20
th
 century in diatom community structure and           
ecology ............................................................................................................ 78 
4.4.2. Salinity calibration sets ................................................................................... 86 
4.4.3. Detrended correspondence analysis: diatom community changes and 
ecological characteristics ................................................................................ 90 
4.4.4. Correlations among drought and diatom community characteristics ............. 92 
4.4.5. Best drought metrics and coherence across lakes ........................................... 93 
4.5. Discussion .............................................................................................................. 94 
5. CONCLUSION ........................................................................................................... 102 
 
REFERENCES ............................................................................................................... 107 
 
Appendix 
 
STRATIGRAPHIC DIATOM PROFILES .................................................................... 126 
 
BIOGRAPHY OF THE AUTHOR ................................................................................. 135 
 
  
ix 
 
LIST OF TABLES 
 
Table 2.1. Select physical, climatological, and limnological characteristics of             
study sites……………………………………………………..…...………... 16   
Table 2.2. Coherence of drought-related parameters across lakes……………………...26  
Table 2.3. Coherence of drought-related parameters within lakes…………………….. 31  
Table 3.1. Spearman’s nonparametric correlations for fossil zooplankton density,    
relative abundances, and planktic:littoral ratios with Palmer Drought     
Severity Index from approximately 1900-2009…………………...……....... 59 
Table 3.2. Spearman’s nonparametric correlations for fossil zooplankton density           
and relative abundance with monthly spring temperatures for the past 
century………………………………………………………………………. 61 
Table 3.3. Spearman’s nonparametric correlations for fossil zooplankton density          
and relative abundance with percent inedible diatoms………………..…….. 62 
Table 4.1. Select characteristics of six study sites in the Great Plains (USA)…………. 75  
Table 4.2. Spearman’s non-parametric correlations between Palmer Drought         
Severity Index (PDSI) and diatom-inferred salinity (DIS) based on         
different ecological subsets of diatom species used in the salinity             
transfer function……….................................................................................. 87 
Table 4.3. Correlations of DIS models and ecological characteristics of diatom 
communities with instrumental drought records and species turnover                
at each lake, as indicated by highest Spearman’s rho correlation values             
at each lake…….............................................................................................. 91 
x 
 
Table 4.4. Spearman’s non-parametric correlations among Palmer Drought           
Severity Index (PDSI), diatom-inferred salinity (DIS), and other          
ecological characteristics of fossil diatom communities……………………. 92  
xi 
 
LIST OF FIGURES 
 
Figure 2.1. Pathways by which drought influences diatom community structure               
in lakes………………………………………………………...………..... 11 
Figure 2.2.  Proportion of planktic and benthic taxa in relation to salinity optima               
in the original calibration set for the Great Plains……………………….. 13 
Figure 2.3.  Study site locations and Palmer Drought Severity Index since 1900,           
from the National Climatic Data Center…………………………………. 15  
Figure 2.4.  Deviations from mean reconstructed salinity for the past century for          
three sites, with shaded bars alternating by decade…………………........ 20  
Figure 2.5.  Modeled planktic to benthic habitat changes in response to                         
lake-level change………………...………………………..……………... 22 
Figure 2.6.  Comparison of historical lake levels based on aerial photographs…......... 24 
Figure 2.7.  Comparison of P:Bcore and P:Bmodel for three sites. …………………….... 25 
Figure 2.8.  Within-lake comparison of drought-related parameters during the                
past century for three sites.....…………………….…………………….... 27 
Figure 3.1.  Conceptual model of factors affecting diatom community structure…..... 40 
Figure 3.2.  Study site locations for Moon Lake and Coldwater Lake in North          
Dakota, USA…..……………………………………………………...….. 43  
Figure 3.3.  Lead-210 based chronology for cores…………….…………………...…  48 
Figure 3.4a. Fossil zooplankton densities for dominant taxa at Moon Lake                
including planktic:littoral ratios………………………………………...... 49  
xii 
 
Figure 3.4b. Fossil zooplankton densities for dominant taxa at Coldwater Lake,    
including planktic:littoral ratios………………………………………….. 50  
Figure 3.5a. Relative abundances for fossil zooplankton communities for                   
Moon Lake……………..……………………………………………...…. 51  
Figure 3.5b. Relative abundances for fossil zooplankton communities for             
Coldwater Lake…………………………………………………………... 52  
Figure 3.6.  Fossil Bosmina sp. morphology, based on antennule length, percent       
cornuta form or curved form antennules, and mucro length…………….. 55 
Figure 3.7.  Distribution of edible and inedible diatom species along the                    
salinity gradient of the original salinity calibration set for the                    
Great Plains………………………………………………………….…… 57 
Figure 3.8.   Diatom inedibility analysis of short cores.……………………………..... 58 
Figure 4.1.  Map of study region and sites in the northern Great Plains (USA)…….... 75 
Figure 4.2.  Diatom-inferred salinity (DIS), Palmer Drought Severity Index                
(PDSI), diatom community characteristics, and detrended            
correspondence analysis scores for six lakes.…….....…………………… 80 
Figure 4.3.  Comparison of diatom-inferred salinity reconstructions based on                 
full diatom assemblage as well as ecological subsets of species              
shown for three of the six sites.…………….............................................. 89 
Figure A.1.  Relative abundances for fossil diatom assemblages for Moon Lake…….. 126  
Figure A.2.  Relative abundances for fossil diatom assemblages for                      
Coldwater Lake………………………………………………………...… 127  
xiii 
 
Figure A.3.  Relative abundances for fossil diatom assemblages for                                   
Lake Cochrane…………………...………….……………………............ 128  
Figure A.4a. Relative abundances for fossil diatom assemblages for Rice Lake…...…. 129 
Figure A.4b. Relative abundances for fossil diatom assemblages for Rice Lake 
(continued)………………………………………………………..…...…. 130 
Figure A.4c. Relative abundances for fossil diatom assemblages for Rice Lake 
(continued)……………………………………………..…...……………. 131 
 Figure A.5.  Relative abundances for fossil diatom assemblages for Round Lake…..... 132 
Figure A.6a. Relative abundances for fossil diatom assemblages for Kettle Lake…….. 133  
Figure A.6b. Relative abundances for fossil diatom assemblages for Kettle Lake 
(continued)……………………………………………..….................….. 134  
 
  
 
 
 
 
 
  
1 
 
CHAPTER 1 
INTRODUCTION TO ECOLOGICAL INTERACTIONS                                      
AND PALEOLIMNOLOGY 
 
Paleolimnology uses lake sediments to reconstruct changes in past environmental 
conditions, often by examining fossilized biological remains such as diatoms, 
zooplankton, and pollen (Fritz and Saros 2005).  Past ecological conditions can be 
reconstructed qualitatively or quantitatively (ter Braak 1986) by applying knowledge of 
modern ecology to fossil communities throughout a sediment core.  Different types of 
fossils, or proxies, can be used depending on characteristics of a particular site and the 
environmental parameter of interest.  The most commonly reconstructed parameters are 
water quality variables, such as pH or total phosphorus concentrations (Birks et al. 1990, 
Dixit et al. 1999), and climate variables, such as temperature or regional moisture balance 
(Fritz et al. 1991).  As conditions fluctuate, biota respond to the changing environment, 
causing variations in fossil size, community assemblages, species abundance, and other 
characteristics through time.  Climate reconstructions provide a longer temporal 
perspective on current events (e.g. drought) and aid in predicting future regional and 
global climatic changes.   
While lake sediments can provide valuable records of past climate change, there 
are a variety of challenges to using paleolimnological records for these reconstructions 
(Battarbee 2000, Fritz 2008). Whole-lake responses to climate change are complex, with 
biological responses driven by extrinsic conditions, such as temperature and precipitation, 
as well as by within-lake factors, such as water chemistry changes and ecological 
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interactions. Lakes within a given geographic region may exhibit similar responses to 
external climate fluctuations, called coherence or synchrony (Magnuson et al. 1990, 
Kratz et al.1998, Rusak et al. 1999, Baron and Caine 2000, Livingstone 2008), thereby 
suggesting the potential for inferring regional climate conditions from a single site.  
However, the concept of synchrony has only recently been investigated over longer 
timescales through the use of paleolimnological studies, with examples of strong regional 
to hemispheric-scale coherence (Shuman et al. 2009, Holtgrieve et al. 2011, Bracht-Flyr 
and Fritz 2012) as well as low to moderate coherence among regional records (Velle et al. 
2005, McGowan et al. 2008, Perren et al. 2009, Hobbs et al. 2011a). This variation in the 
degree of synchrony for different drivers and proxies brings into question the validity of 
regional extrapolation from single-site records. While the assumption is that this spatial 
variability results from within-lake processes and individual lake response to change, this 
issue continues to be largely unresolved. Approaches are needed to better understand how 
intrinsic lake processes influence biological proxies and the accuracy of environmental 
inferences based on those records. 
The ecological characteristics of biological proxies used in reconstructing past 
climate conditions may alter their responsiveness to large-scale drivers, and therefore 
reduce the accuracy of paleoclimate inferences. In this study, I focus on the use of fossil 
diatom assemblages for water chemistry reconstructions based on traditional calibration 
set approaches. While physical parameters, such as lake level, tend to change 
synchronously throughout a region (Magnuson et al. 1990), the relationship between lake 
level change and planktic versus benthic habitat availability varies depending on the 
basin shape at each site (Stone and Fritz 2004).  Diatom growth can be limited by the 
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availability of suitable habitat (e.g. open-water for planktic, appropriate substrates for 
non-planktic), altering overall community structure as lake levels vary in response to 
moisture balance changes. Due to the different conditions in which benthic and attached 
diatom species grow, these species may respond to environmental changes differently 
than planktic taxa. Reconstructions may be improved if this relationship between lake 
level change and the ratio of planktic:benthic species (P:B) is better understood on a site-
by-site basis, particularly for systems that experience large lake level variations in 
response to climate conditions.  
In addition to habitat preferences of different diatom species, within-lake 
ecological processes, such as grazing by zooplankton, may also influence the diatom 
community used in paleoclimate inferences. Filter feeding by cladoceran zooplankton is 
often limited by cell size, such that small cells are more easily consumed than larger cells 
(Porter 1973, Reynolds 1984, Bergquist et al. 1985). Zooplankton grazing can cause 
removal or damage to diatom valves (Wetzel 2001, Ryves et al. 2001), or alternatively 
may increase preservation by faster transport to sediments in fecal materials (Turner and 
Ferrante 1979). If the edible fraction of the diatom community is differentially affected, 
the modified fossil assemblage may result in inaccurate reconstructed values based on 
those records. The site-specific influence of zooplankton grazing effects may contribute 
to spatial variation across regional climate reconstructions.  
An important example of spatial variability in paleoclimate records are diatom-
inferred salinity (DI-salinity) reconstructions from the northern Great Plains (USA). Past 
drought conditions for this region are reconstructed from lake sediment records in closed-
basin systems based on changes in lakewater salinity (Fritz et al. 1991, Laird et al. 
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1996a). Salinity in these systems fluctuates in response to changing moisture balance in 
the region (Precipitation – Evaporation), such that drier conditions result in higher 
evaporative losses and higher lakewater salinity, and wetter conditions result in dilution 
of solutes and lower salinity (Gasse et al. 1997). Such variation in salinity can drive 
changes in biological communities living in these systems, as a result of physiological 
tolerances. This forms the basis for reconstructing salinity and, hence, drought, from 
fossil diatom assemblages preserved in lake sediments.  However, DI-salinity records in 
the Great Plains show low to moderate coherence in the timing and direction of change in 
DI-salinity when compared across sites (Fritz et al. 2000). As this region is limited in 
alternative climate proxy records, resolving the regional drought signal from lake 
sediments in this area is a key step towards understanding long-term climate patterns in 
the Great Plains. Evidence indicates that neither local variation in climate (Benson et al. 
2000) nor hydrology (Jovanelly et al. 2001) is the primary cause of these issues. 
Coherence issues with diatom-inferred salinity records in the Great Plains may be partly 
due to the influence of ecological processes within individual lakes that interfere with 
traditional interpretations of drought signals from diatom records. 
In addition to the economic value contained within the rich agricultural region of 
the Great Plains, numerous scientific studies have also taken place in this climatically-
sensitive area. Ecologically, lakes and wetlands in this area provide a wide array of 
ecosystem services, including functioning as carbon sinks (Euliss, Jr. et al. 2006) and 
serving as wildlife habitat and breeding grounds for migratory waterfowl (Batt et al. 
1989). Prairie saline lakes of the Great Plains have extended modern limnological 
gradients with respect to water chemistry, providing opportunities to explore brine 
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evolution (Eugster and Jones 1979) and chemical composition of lakewater in these 
systems (Gorham et al. 1983, Blinn 1993, Gosselin 1997). Biologically, primary 
production (Armstrong and Anderson 1966) and distribution of algae have been related to 
salinity and ionic gradients (e.g. Hammer et al. 1983, Hammer 1990), with several studies 
finding lower algal biomass than was predicted based on relationships between nutrient 
concentrations and chlorophyll in freshwater systems (Bierhuizen and Prepas 1985, 
Campbell and Prepas 1986, Robarts et al. 1992, Evans and Prepas 1997).  
 In order to reconstruct climate patterns over the Holocene, lake sediment records 
have been examined for several sites throughout the Great Plains for different proxies. 
Terrestrial vegetation changes based on pollen records have been used to track past shifts 
in the prairie-forest border at multiple sites throughout the region (Wright 1963, Watts 
and Wright 1966, Bartlein et al. 1984, Almendinger 1992, Baker et al. 1992, Wright 
1992). Additionally, indicators of lake-level and water chemistry changes within 
sediment records of these systems can provide longer-term perspectives on past climate 
conditions.  Such proxies include lake level and sediment mineralogy (Digerfeldt et al. 
1992, Last and Sauchyn 1993, Kennedy 1994, Donovan and Grimm 2007), ostracod 
species composition and shell chemistry (Engstrom and Nelson 1991, Xia et al. 1997, Yu 
et al. 2002), diatom-inferred salinity (Fritz 1990, Fritz et al. 1991, Fritz et al. 1993, 
Cumming and Smol 1993, Laird et al. 1996a, Laird et al. 1996b, Laird et al. 1998, Hobbs 
et al. 2011b), and diatom-inferred lake-level (Laird et al. 2010, Schmeider et al. 2011). 
Several multi-proxy studies have also utilized various combinations of these metrics 
(Watts and Bright 1968, Radle et al. 1989, Valero-Garces et al. 1997, Last et al. 1998, 
Clark et al. 2002, Shapley et al. 2005, Grimm et al. 2011). Broadly, these studies suggest 
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a pattern of a wet climate in the early Holocene, shifting to drier conditions between 
approximately 9000-5000 years before present (with the timing varying by site and core 
dating), and back again to wetter, somewhat variable conditions to present. However, 
there is often site-to-site variability across records and metrics, with issues that need to be 
resolved for a clearer record of climatic change over the Holocene within this region 
(Baker et al. 1992, Wright 1992, Fritz et al. 2000, Grimm 2001). 
To address issues of spatial variability in the Great Plains, I explored how within-
lake ecological processes, such as physical changes in lake habitat and zooplankton 
grazing pressure, affected the accuracy of diatom-based salinity reconstructions. I 
examined how relationships differed among drought, lake-level change, and diatom 
community structure over the last century by developing three-dimensional models of 
planktic:benthic habitat (P:B) relationships with lake level change. In conjunction with 
these models, I compared P:B of diatom assemblages and DI-salinity reconstructions with 
instrumental drought records and lake level changes documented from aerial photographs 
over the past century. I explored the potential for zooplankton grazing influence by 
comparing fossil zooplankton records for two prominent sites with salinity 
reconstructions in the Great Plains, to assess the potential grazing effects at each site. 
Zooplankton communities were compared with diatom inedibility in order to identify 
which taxa may have exerted the strongest grazing effects on diatom records. Finally, I 
examined ecological characteristics for diatom communities over the past century at six 
sites in the northern Great Plains, and developed new DI-salinity transfer functions based 
on ecological subsets of diatoms rather than full communities. I compared these 
reconstructions and characteristics with instrumental drought records to understand 
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drivers of change within diatom community structure and how drought conditions were 
recorded in fossil diatom assemblages on a site-by-site basis. 
 Chapters 2, 3, and 4 presented here were written for publication in three different 
journals, and additional authors contributed to data used in each chapter. Chapter 2, “Low 
coherence of diatom-inferred salinity across the Great Plains (USA): potential role of 
climate-induced changes in lake habitat,” will be submitted to The Holocene, with C.R. 
Wigdahl, J.E. Saros, S.C. Fritz, J.R. Stone, and D. Engstrom as authors. S.C. Fritz and D. 
Engstrom collected and dated the sediment cores presented in this chapter, and S. Fritz 
performed the diatom counts and diatom-inferred salinity reconstructions. Chapter 3, 
“Investigating potential effects of zooplankton grazing on the accuracy of diatom-inferred 
drought,” will be submitted to the Journal of Paleolimnology, with C.R Wigdahl, J.E. 
Saros, S.C. Fritz, and C.T. Hess as authors. C.T. Hess performed lead-210 dating of 
sediment cores. Sediment cores were previously collected by S.C. Fritz and D. Engstrom, 
and S.C. Fritz analyzed sedimentary diatom communities. Chapter 4, “Addressing spatial 
variability in paleoclimate inferences: a case study from the northern Great Plains 
(USA),” with C.R. Wigdahl, J.E. Saros, S.C. Fritz, D. Engstrom as authors, will be 
submitted to Quaternary Research. S.C. Fritz and D. Engstrom collected and dated the 
sediment cores presented in this chapter. S.C. Fritz performed diatom analyses, and 
provided data for salinity calibration sets (originally published in Fritz et al. 1991, with 
data on additional lakes published in Hobbs et al. 2011b). 
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CHAPTER 2 
LOW COHERENCE OF DIATOM-INFERRED SALINITY ACROSS THE 
GREAT PLAINS (USA): POTENTIAL ROLE OF CLIMATE-INDUCED 
CHANGES IN LAKE HABITAT 
 
2.1. Chapter Abstract 
Sedimentary diatom profiles from saline lakes are frequently used to reconstruct 
lakewater salinity as an indicator of drought. However, diatom-inferred salinity 
reconstructions (DI-salinity) from geographically-close sites in the Great Plains (USA) 
have yielded disparate results. Here, I explore how physical changes in lake habitat, as a 
result of drought, may affect the accuracy of salinity reconstructions. I examined how 
relationships differed among drought, lake-level change, and diatom community structure 
over the last century for three saline lakes of the Great Plains with mismatched DI-
salinity records. At each site, I developed three-dimensional models of planktic:benthic 
habitat (P:B) relationships with lake level change. I compared these models with 
instrumental drought records and fossil diatoms to understand how drought conditions 
were recorded in sedimentary diatom assemblages. 
The accuracy of drought reconstructions were affected by site-specific physical 
characteristics that altered relationships between lake level change and P:B habitat 
zonation within the lakes. Moon Lake showed the best correlation between drought and 
DI-salinity, though this relationship was weaker during wetter conditions, as highstands 
resulted in a larger influence of benthic diatoms. At Coldwater Lake, a dual-basin system, 
P:B of habitat varied widely depending on lake level, and may have reduced the 
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correlation between DI-salinity and drought. At Lake Cochrane, the simplest of the three 
basins, the P:B of fossil diatoms was a better proxy for drought than DI-salinity.  The 
integration of additional ecological characteristics into interpretations of paleoclimate 
records, particularly for biologically-based reconstructions, is important to improve our 
understanding of site-specific responses to regional environmental changes. 
 
2.2. Introduction 
For paleolimnological records, a key step in extrapolating single-site paleoclimate 
reconstructions to regional patterns of environmental change is to assess the degree of 
synchrony in responses across lakes within a geographic region. This concept has 
received considerable attention among limnologists working over contemporary time 
scales to understand the effects of regional- or global-scale drivers of change on lakes 
(Magnuson et al. 1990, Kratz et al.1998, Rusak et al. 1999, Baron and Caine 2000, 
Livingstone 2008). A high degree of synchrony among lakes suggests the importance of 
large-scale forcing of limnological responses. These studies indicate that certain physical 
and chemical parameters can be moderately to highly coherent, while many biological 
parameters often exhibit low coherence, likely due to the overriding effects of ecological 
processes within lakes (Kratz et al. 1998).  
Paleoecological approaches provide a longer temporal perspective than 
instrumental records of changing environmental conditions, but as many of these 
approaches employ biological proxies, they often exhibit low coherence across sites. 
Assessments of spatial synchrony among biologically-based paleolimnological 
reconstructions from the same region have indicated low to moderate coherence among 
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records for lakes in a variety of regions around the world, including arctic (McGowan et 
al. 2008; Perren et al. 2009), alpine (Hobbs et al. 2011a) and boreal lakes (Velle et al. 
2005). Reconstructions based on algal pigments in prairie lakes also show asynchrony 
across systems in response to large-scale drivers (Patoine and Leavitt 2006). In order to 
understand the sources of these discrepancies, and ultimately improve our interpretation 
of paleolimnological records, the incorporation of additional ecological characteristics of 
biological proxies may greatly assist in understanding site-specific response to large-scale 
extrinsic drivers. Recent paleolimnological research recognizes this need to better 
integrate ecological research into biologically-based reconstructions (Saros and Fritz 
2000, Brodersen et al. 2004, Saros 2009, Sayer et al. 2010), and I focus here on applying 
these principles to diatom records in saline lakes of the Great Plains. 
Lake sediments are one of the few long-term repositories of climate data in these 
semi-arid grassland ecosystems. Past drought conditions in this region have been 
reconstructed from sediment records of closed-basin saline lakes, based on changes in 
fossil diatom assemblages in response to lakewater salinity variations. Drier periods 
result in higher evaporative losses, causing increased salinity, and wetter conditions result 
in dilution of solutes, causing decreased salinity (Gasse et al. 1997, Fig. 2.1 - Pathway 1). 
However, diatom-inferred salinity (DI-salinity) records show low to moderate coherence 
when compared across sites in the Great Plains (Fritz et al. 2000). At present, the cause of 
these discrepancies is unresolved, although evidence suggests that neither variations in 
lake-groundwater interactions (Jovanelly et al. 2001) nor local variation in climate 
(Benson et al. 2000) are likely responsible for these differences. 
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Figure 2.1. Pathways by which drought influences diatom community structure in lakes. 
Drought may influence diatom community structure via chemical changes in lakewater 
chemistry (Pathway 1), as well as via physical changes in habitat zonation within the lake 
(Pathway 2). 
 
In closed-basin saline lakes, lake levels can fluctuate substantially in response to 
drought (Gasse et al. 1997), and these changes in volume result in the lakewater salinity 
variations that form the basis for diatom-based salinity reconstructions of drought. Since 
lake level can be a highly synchronous parameter across lake ecosystems (Magnuson et 
al. 1990), this response to drought should produce a reliable salinity signal that is 
captured by the diatom community. However, the low coherency across diatom records in 
these systems suggests that other drought-induced changes in lake ecosystems are also 
important in shaping diatom community structure. In particular, changes in lake level not 
only affect diatoms via chemical change, but also via physical changes that alter habitat 
zonation within the lake (Fig. 2.1 – Pathway 2). Shifts in ecological habitat conditions 
within lakes, in response to lake level change, vary depending on individual site 
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bathymetry (Benson and Paillet 1989, Hostetler 1995). Such differences in basin 
morphometry may result in different biological responses within lakes to the same 
extrinsic drought signal, causing discrepancies in inferred climate history among sites in 
a given region. Ratios of planktic to benthic species (P:B ratios) of fossil diatom 
communities have been used as a metric for lake level change (Wolin and Duthie 1999), 
assuming a positive relationship between these two variables (e.g. an increase in lake 
level results in more open-water habitat and thus a higher P:B). However, this 
relationship between lake level change and P:B is altered by complex basin 
morphometry, and should be explored on a site-by-site basis via three-dimensional 
modeling approaches (Stone and Fritz 2004).  
Planktic versus benthic habitat changes also have important implications for 
diatom-based salinity reconstructions, because the internal structure of the original 
salinity calibration set for the Great Plains (Fritz et al. 1991) consists primarily of benthic 
taxa in the mid-salinity range, and only planktic taxa in the high-salinity range (Fig. 2.2). 
Species with salinity optima from ~5-10 g L
-1 
are all benthic taxa (Fritz et al. 1991), so a 
high proportion of benthic diatoms within the community may moderate or skew the 
salinity inference for that sample. For example, if drought at a particular site reduces lake 
level and increases salinity to 17 g L
-1
, this water chemistry change is also accompanied 
by physical changes in planktic versus benthic habitat availability. The high salinity will 
not be reconstructed from the diatom assemblage unless there is sufficient planktic 
habitat remaining for the high-salinity optima species in the calibration set, and could 
therefore result in an underestimate of actual salinity from diatom-based inferences. As 
salinity and P:B habitat availability influence diatom communities in different ways, a 
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more comprehensive model for diatom community response to drought incorporates both 
chemical drivers (Fig.2.1 - Pathway 1) as well as physical drivers (Fig. 2.1 - Pathway 2), 
in the form of planktic vs. benthic habitat availability. 
 
 
Figure 2.2. Proportion of planktic and benthic taxa in relation to salinity optima in the 
original calibration set for the Great Plains (USA, Fritz et al. 1991). 
 
Here, I examine these relationships between diatom community structure and 
drought-induced change in lake level and lakewater salinity over the last century for three 
different lakes in the northern Great Plains. At each site, I examined instrumental drought 
records and aerial photographs in combination with three-dimensional models of planktic 
vs. benthic habitat relationships with lake level change, in order to understand physical 
changes in lake habitat zonation at each site during the last century. I then compared 
these data with diatom-inferred salinity and P:B ratios of diatoms in lake sediment cores, 
to determine how chemical and physical signals of drought are reflected in the diatom 
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record at each lake. The integration of site-specific physical characteristics and habitat 
preferences of diatom species with traditional paleolimnological approaches at each site 
provides insight into whole-lake response to environmental change, and illustrates the 
complexity of lake response to drought.  
 
2.3. Methods 
2.3.1. Study sites 
The northern Great Plains is a semi-arid region in North America, containing 
numerous sub-saline and saline closed-basin lakes. This drought-prone region is an area 
of intense agricultural production with level to gently rolling topography and generally 
negative moisture balance (Precipitation-Evaporation < 0). Three sites were selected in 
close proximity to each other and with similar drought trends over the past century (Fig. 
2.3, Table 2.1): Moon Lake (Barnes County, ND), Coldwater Lake (McIntosh County, 
ND), and Lake Cochrane (Deuel County, SD). The Palmer Drought Severity Index 
(PDSI) from the National Climatic Data Center (www.ncdc.noaa.gov) shows similar 
drought trends for each of the three sites over the past century (Fig. 3). As each site is 
located in a different U.S. Climatological Division, 36-month averages of PDSI were 
used from divisions 6 (Moon Lake) and 9 (Coldwater Lake) in North Dakota, and from 
division 7 (Lake Cochrane) in South Dakota.  
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Figure 2.3. Study site locations and Palmer Drought Severity Index since 1900, from the 
National Climatic Data Center (www.ncdc.noaa.gov). Thirty-six-month averages of PDSI 
were used from U.S. Climatological Divisions 6 (Moon Lake) and 9 (Coldwater Lake) in 
North Dakota, and from division 7 (Lake Cochrane) in South Dakota. Negative values 
indicate drier conditions, and positive values indicate wetter conditions. 
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Table 2.1. Select physical, climatological, and limnological characteristics of study sites.  
 
 
These lakes were also selected because they vary in basin morphometry, which 
allowed me to explore habitat changes in response to drought among different types of 
basins. Moon Lake is the deepest of the three, with a steep sided central basin and gently 
sloping shallow areas along the shoreline. Coldwater Lake is a shallow, dual-basin 
system. Much of the southern portion of this elongated lake is less than 3 m deep, and 
separates from the main basin during droughts. Lake Cochrane is slightly farther south 
and has the simplest basin with gently sloping sides. Diatom profiles spanning the last 
2000 years in Moon Lake (Laird et al. 1996a) and Coldwater Lake (Fritz et al. 2000) have 
been used to infer salinity and long-term drought patterns.   
 
2.3.2. Fossil diatom records 
 Cores of the upper 1.0 to 1.5 m of sediment were taken in each lake with a 5 or 8-
cm diameter polycarbonate tube fitted with a piston and operated from a boat or the ice 
with rigid drive rods.  Visual inspection of the cores indicated complete recovery of the 
sediment-water interface.  Cores were extracted from the deepest area of the lake and 
were kept upright and extruded in the field in 1 to 2-cm intervals, and dated with 
210
Pb 
Lake 
Latitude & 
longitude 
Mean annual 
precipitation 
(cm) 
Surface 
area 
(km
2
) 
Lake level 
elevation 
(m) 
Maximum 
depth  
(m) 
Average 
depth 
(m) 
Salinity 
(g L
-1
) 
Moon 46
o51’N, 
98
o09’W 
46 0.35 444 15 6.7 5.2 
Coldwater 46
o01’N, 
99
o05’W 
46 0.50 594 6 4.6 3.0 
Cochrane 44
o42’N, 
96
o28’W 
63.5 1.44 513 7.3 4.0 2.5 
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methods (Eakins and Morrison 1978). Diatom samples were processed with 10 % 
hydrochloric acid and 30% hydrogen peroxide to remove organic matter, and at least 300 
diatom valves were counted per sample (Patrick and Reimer 1966 & 1975, Krammer and 
Lange-Bertalot 1986, Spaulding et al. 2010).  
 Diatom inferred salinity (DI-salinity) was calculated using a transfer function 
from lakes of the Great Plains (Fritz et al. 1991). Planktic:benthic ratios of diatom 
community structure in sediment cores (hereafter referred to as P:Bcore) were calculated 
for each depth in the cores based on ecology of the species present (Krammer and Lange-
Bertalot 1986, Spaulding et al. 2010). Tychoplanktic taxa were excluded from the 
analysis, as tychoplanktic species were generally a small component of the assemblages, 
and comparison of “planktic only”:benthic with “planktic + tychoplanktic”:benthic ratios 
yielded similar patterns.  
 
2.3.3. Lake-level and habitat reconstruction 
 Three-dimensional models of basin morphometry were developed following the 
methods of Stone and Fritz (2004), to explore changes in planktic versus benthic habitat 
availability in relation to lake level changes. For each lake, a bathymetric contour map 
was imported into Surfer 8.03 (Golden Software 2003) and digitized to produce three-
dimensional graphical images in order to calculate volume, lake-basin (sediment-water) 
surface areas, and planar (water-air) surfaces at a given lake-level elevation. Original map 
measurements were in feet, and results were converted to meters after completion of 
these calculations. Available planktic habitat zones were defined as the total planar 
surface area of the lake deeper than 0.6 m, and available benthic habitat zones were 
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defined as total basin surface area from the lake surface to different depths of photic 
penetration. We calculated benthic habitat using a range of possible water clarity levels 
from 0.9 to 7.9 m in depth. The attenuation coefficient for photosynthetically active 
radiation (KdPAR) values for lakes in the northern Great Plains indicate that 10% light 
attenuation varies from 0.3 to 3.5 m (Osburn et al. 2011), so I report models using two 
potential light levels for each lake (benthic zones = 0.9 m and 3.0 m in depth). Modeled 
lake level elevation was lowered in 0.3 m increments, with metrics recalculated at each 
vertical grid step from modern lake level to the base level of the lake. From these 
calculations, I developed estimates of changes in planktic versus benthic habitat within 
each lake at a given water level (hereafter referred to as P:Bmodel).  
 In order to confirm the response of lake level to drought conditions over the past 
century, I examined aerial photographs for each of the three lakes. Aerial photographs of 
each site were collected for approximately each decade spanning from the 1930s through 
the late 1990s, depending on image availability (for a total of eight images per lake). 
Images were imported into Surfer 8.03 and digitized to estimate the planar surface area at 
each time period. Lake levels were estimated based on visual comparison of shoreline 
characteristics with three-dimensional basin models, as well as by comparing calculated 
planar surface area with basin model estimates (LLaerial). For Lake Cochrane, the aerial 
photograph from 1939 was only available for a partial view of the lake. LLaerial was 
estimated, as for other images, by a visual comparison as well as the planar surface area 
for a modified model of the eastern half of the basin. The modified model was cropped to 
match the 1939 aerial view, and recalculated planar surface areas were compared with 
that from the aerial image. As there were some difficulties with this site in converting 
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planar surface area to lake level elevation from the models for Lake Cochrane, I report 
planar surface area as a metric of lake level elevation change at this site. 
 
2.3.4. Comparisons across and within lakes 
Relationships among PDSI, LLaerial, DI-salinity, and P:Bcore  were assessed with 
non-parametric Spearman’s rank correlations in R (version 2.14.2). To determine 
coherence across sites, I performed pairwise comparisons for each parameter between 
lakes (α=0.0167 with Bonferroni correction for tests across three lakes). PDSI was 
compared annually from 1900 until 2011. Due to availability of aerial images from 
slightly different years, lake-level changes were compared between lakes for similar dates 
(≤ 2 years difference). Planar surface values from Cochrane were averaged from 1965 
and 1975 for comparison with 1968 LLaerial of Moon and Coldwater, and no image was 
available from 1960 for Cochrane. In order to make comparisons between sediment core 
variables with different dates, values for DI-salinity and P:Bcore at each site were 
averaged for 5-year increments beginning at 1905 through 1990 (1905-1909, 1910-1914, 
etc.). Comparisons with the Cochrane core began at 1915 and skipped 1920, due to few 
samples at the bottom of this core.  
To compare different metrics within sites, Spearman’s rank correlations were 
again used to make pairwise comparisons between PDSI, DI-salinity, and P:Bcore for each 
lake (α=0.0167 with Bonferroni correction). LLaerial was visually compared with PDSI but 
not included for within-lake coherence analyses, due to small sample size relative to other 
variables.  
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2.4. Results 
2.4.1. Diatom-inferred salinity reconstructions 
Patterns in DI-salinity varied across the three sites (Fig. 2.4). Moon exhibited high 
salinity during the early 1900s, 1930s to the mid-1950s, and 1980s with more stable 
periods of low salinity during the 1960s and 1970s. Coldwater’s peak DI-salinity 
occurred during the Dust Bowl, with relatively high salinity values until the mid-1940s. 
Coldwater also recorded its lowest salinity around 1970, and remained stable at low 
values until core collection. Lake Cochrane showed little fluctuation in DI-salinity 
throughout the core, with a peak salinity recorded around 1950.   
 
Figure 2.4. Deviations from mean reconstructed salinity for the past century for three 
sites, with shaded bars alternating by decade.  
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2.4.2. Lake-level and habitat reconstructions 
 Modeled relationships between lake level change and planktic versus benthic 
habitat availability varied greatly by site, depending on the basin morphometry of each 
lake (Fig. 2.5). These relationships were also dependent on water clarity, as shown by 
models for different levels of photic penetration. At Moon Lake, the maximum P:Bmodel 
occurred at approximately 7 m below present lake level for moderate water clarity levels 
(3.0 m benthic habitat depth). For low clarity conditions (0.9 m benthic habitat depth), 
there was also a high P:Bmodel for present water levels. At Coldwater Lake, the two basins 
separate when lake level drops 1.5 m below the current level. This separation resulted in 
a maximum in P:Bmodel, due to the disconnection with extensive shallow areas in the 
southern portion of the lake. Lake Cochrane exhibited the most straightforward 
relationship between lake level change and planktic versus benthic habitat availability, 
with the traditionally-viewed pattern of increasing P:B with increasing lake level.  
 Based on aerial photograph evidence, lake levels varied throughout the past 
century at all three sites (Fig. 2.6). The more complex shorelines and basin morphometry 
at Moon and Coldwater facilitated identification of lake level change with aerial 
photographs, whereas lake level change was more subtle from an aerial perspective in 
Cochrane’s simple basin. Moon Lake, the deepest site, showed the greatest magnitude of 
change in lake level, with post-Dust Bowl levels approximately 4.5 m lower than present 
day. Lake elevation was the most variable at Coldwater Lake. Lake level was 
approximately 3 m lower in the late 1930s than present day, with high stands occurring  
in 1952, 1978, and 1997. Little change was visually evident at Lake Cochrane from aerial 
photographs, except during extreme drought events of the 1930s Dust Bowl when water  
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Figure 2.5. Modeled planktic to benthic habitat changes in response to lake-level change. 
Models of lake-level change versus P:Bmodel are shown for three sites. A) Moon Lake, B) 
Coldwater Lake, and C) Lake Cochrane. Shaded boxes indicate the estimated range of 
lake-level change for the 20
th
 century, based on aerial photographs. Bathymetric maps of 
changes in lake basin area are shown for modern lake-levels and post-1930s levels; 
contour lines mark 1 m depth increments and blackened areas indicate lost elevation from 
modern lake-levels. Scale marks on Moon are 250 m apart, and scale marks on Coldwater 
and Cochrane are 500 m apart.  
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Figure 2.6. Comparison of historical lake levels based on aerial photographs. A) Moon 
Lake, B) Coldwater Lake, and C) Lake Cochrane. Planar surface area is reported for 
Cochrane as a measure of lake level elevation change, due to difficulties in converting 
surface area to elevation from aerial photographs at this site. 
 
 
 
level dropped approximately two meters below present levels. Lack of fluctuation in lake 
level was expected for more recent decades, as water levels have been artificially 
maintained at Lake Cochrane since 1972 (513 m above mean sea level, Stueven et al. 
2000).  
Comparisons of bathymetric maps for modern and post-1930s lake levels 
(Fig.2.5) show the most dramatic changes in basin shape at Moon and Coldwater in 
response to this extreme drought event. Using LLaerial, P:Bmodel values were estimated for 
each level of water clarity and compared with P:Bcore at all three sites (Fig.2.7). Moon 
and Coldwater P:Bcore values were both similar to P:Bmodel for 3.0 m benthic habitat 
depth. The largest mismatches between core and modeled values occurred during the late 
1930s with the 3.0 m model, and may have been related to changes in turbidity associated 
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with low lake-levels during the Dust Bowl, as suggested by the closer match between 
P:Bcore and the 0.9 m modeled values during this period. Cochrane P:Bcore was much 
lower than predicted by P:Bmodel for either 0.9 or 3.0 m benthic depth, but exhibited 
similar patterns of change to both light level models.  
 
 
 
 
 
 
 
Figure 2.7. Comparison of P:Bcore and P:Bmodel. A) Moon Lake, B) Coldwater Lake, and 
C) Lake Cochrane. Dashed lines indicate P:B as predicted from historical lake levels and 
P:B models for different levels of water clarity. 
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2.4.3. Coherence across lakes 
 Pair-wise comparisons of different drought-related parameters showed varying 
levels of coherence among parameters (Table 2.2). Comparisons of PDSI at different sites 
showed strong coherence throughout the region. Moon and Coldwater were the most 
strongly correlated (ρ = 0.83, p-value < 0.001), with Coldwater and Cochrane (ρ = 0.64, 
p-value < 0.001) as well as Moon and Cochrane (ρ = 0.57, p-value < 0.001) also 
significantly correlated. Lake levels at all three sites were at their lowest in the 1930s, 
which is consistent with Dust Bowl drought conditions. No pair-wise correlations of 
LLaerial were significant, although there were stronger positive correlations between Moon 
and Coldwater (ρ = 0.63, p-value = 0.10) and Coldwater and Cochrane (ρ = 0.63, p-value 
= 0.16; Moon and Cochrane: ρ = 0.31, p-value = 0.51).  
 
Table 2.2. Coherence of drought-related parameters across lakes. Significant Spearman’s 
rho values for pair-wise comparisons are bolded (α = 0.0167 with Bonferroni correction).  
 
 
Pair-wise lake comparison PDSI LLaerial DI-salinity P:Bcore 
Moon ~ Coldwater 0.83 0.63 0.67 0.62 
Coldwater ~ Cochrane 0.64 0.63 0.16 -0.54 
Moon ~ Cochrane 0.57 0.31 0.58 -0.14 
 
 
Despite strong coherence in instrumental records across these three sites, DI-
salinity showed very different patterns when compared across sites (Fig. 2.4, Fig. 2.8). 
The intense drought of the 1930s Dust Bowl was captured by DI-salinity in both Moon 
and Coldwater, but not in Cochrane. While Moon and Coldwater lakes have some periods  
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Figure 2.8. Within-lake comparison of drought-related parameters during the past 
century. A) Moon, B) Coldwater, and C) Cochrane. PDSI = Palmer Drought Severity 
Index, for years matching core dates. Dashed lines indicate changes in lake level 
(deviations from mean lake level) based on aerial photographs. Planar surface area is 
reported for Cochrane as a measure of lake level elevation change, due to difficulties in 
converting surface area to elevation from aerial photographs at this site. 
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of agreement in DI-salinity and were significantly correlated (ρ = 0.67, p-value = 0.003), 
there were several time periods during the past century where salinity trends did not 
match. In particular, Moon exhibited high salinity during the early 1900s, 1950s, and 
1980s during which time the salinity at Coldwater remained low. DI-salinity in 
Coldwater also recorded a decrease in salinity around 1970, with no corresponding 
change in the Moon record. DI-salinity at Lake Cochrane did not significantly correlate 
with either Moon (ρ = 0.58, p-value = 0.027) or Coldwater (ρ = 0.16, p-value = 0.56). 
While the correlation value was higher between Cochrane and Moon, this may have been 
due to binning the data in 5-year increments for comparison between cores, which 
resulted in broadly similar trends at these sites; when visually comparing full-core 
records, DI-salinity at Cochrane did not track the patterns exhibited by DI-salinity at 
Moon. 
P:Bcore was significantly and positively correlated between Moon and Coldwater 
(ρ = 0.62, p-value = 0.007), but negatively correlated for other site comparisons 
(Coldwater and Cochrane: ρ = -0.54, p-value = 0.039; Moon and Cochrane: ρ = -0.14, p-
value = 0.63).  
 
2.4.4. Within-lake coherence 
 Within-lake relationships among instrumental drought indices and sediment core 
variables were different across sites (Table 2.3, Fig. 2.8). Of the three sites, Moon Lake 
exhibited the strongest negative correlation between PDSI and DI-salinity (ρ = -0.34, p-
value = 0.026) indicating higher lakewater salinity during drier conditions, as expected. 
However, some disparities between instrumental drought records and diatom-inferred 
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salinity were still present at this site. PDSI at Moon indicates a shift from wet to dry 
conditions between 1905 and approximately 1915, but the DI-salinity record shifted from 
higher to lower salinity during this time (opposite from what would be expected). DI-
salinity was also very high during the 1980s, which was not a drought phase as indicated 
by the PDSI. The P:B ratio of diatom species at Moon Lake appears to affect the 
relationship between DI-salinity and P:Bcore, as these two variables were significantly 
correlated (ρ = 0.31, p-value = 0.012). With the exception of a single data point in the last 
century, P:Bcore was low during wetter times (+ PDSI) and little relationship between 
PDSI and DI-salinity was apparent under these conditions. The highest DI-salinity values 
occurred when the fossil diatom assemblage was dominated by planktic taxa. The 
positive relationship between P:Bcore and DI-salinity contrasted with traditional concepts 
of relationships between lake level change and P:B ratios; however, this is consistent with 
lake level change and modeled P:B habitat availability at this particular site over the past 
century. Aerial photographs for Moon indicated that the lowest lake level was likely near 
an elevation of ~439 m, which is also the elevation of maximum P:Bmodel in the Moon 
three-dimensional models.  
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Table 2.3. Coherence of drought-related parameters within lakes. Significant Spearman’s 
rho values for comparisons of PDSI – 3 year running mean with sediment core variables 
within sites are bolded (α = 0.0167 with Bonferroni correction).  
 
 
 
 
 
 
 
 
 
For Coldwater Lake, there was little correlation with either DI-salinity or P:Bcore 
with PDSI (Table 2.3, Fig. 2.8). Here, DI-salinity remained high in the 1940s (third-
highest salinity value for the core) during the wettest time of the last century as indicated 
by PDSI. DI-salinity also remained moderate and stable from approximately 1975 until 
the time of core collection, and did not reflect the variability in PDSI during this time. 
There appeared to be different relationships between DI-salinity and PDSI depending on 
whether conditions were wet (+ PDSI) or dry (-PDSI). DI-salinity and PDSI were 
somewhat negatively correlated during dry periods, and positively correlated during wet 
periods (data not shown). Like Moon Lake, the positive correlation of DI-salinity and 
P:Bcore at Coldwater (ρ = 0.28, p-value = 0.087) is also in contrast with the traditionally 
expected relationship between these two variables. This positive correlation at Coldwater 
appears to be more linear in nature, primarily driven by the abundance of two planktic 
taxa, Cyclotella quillensis and Chaetoceros elmorei (data not shown) with high salinity 
optima (20 g L
-1 
and 11 g L
-1
, respectively; Fritz et al. 1991). The lack of correlation 
between PDSI and P:Bcore was likely due to the complex basin morphometry at this site, 
Lake 
PDSI &        
DI-salinity 
PDSI & P:Bcore 
DI-salinity      
& P:Bcore 
Moon -0.34 -0.07 0.31 
Coldwater 0.08 0.003 0.28 
Cochrane 0.01 0.49 -0.15 
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which resulted in a nonlinear relationship between lake level change and planktic versus 
benthic habitat availability. 
Lake Cochrane showed no correlations between DI-salinity and PDSI (Table 2.3, 
Fig. 2.8) – in fact, the peak of reconstructed salinity values occurred just after the wettest 
time of the late 1940s in this area. Unlike Moon and Coldwater, Lake Cochrane showed a 
significant positive correlation between P:Bcore and PDSI (ρ = 0.49, p-value = 0.01). 
Despite little visual evidence of major lake level changes from aerial photographs, these 
subtle changes were apparently reflected by the diatom community and correlated 
strongly with drought conditions. However, P:Bcore and DI-salinity at Cochrane showed 
an unusual non-linear relationship, which may be related to the internal structure of the 
original calibration set.   
 
2.5. Discussion 
 While the instrumental drought record showed the same conditions across the 
three sites over the last century, each of the lakes responded differently to variations in 
moisture balance. Even lakes with fairly synchronous lake level changes in aerial 
photographs showed differences in diatom ecological response in lake sediment cores. 
Variations in physical lake setting, as well as the ecology and internal structure of fossil 
diatom communities, altered the relationship between drought conditions and diatom-
inferred salinity values, affecting the accuracy of reconstructed drought patterns 
differently at each site. At Moon Lake, correlations between PDSI and DI-salinity were 
negative, matching the predicted relationship between drought and salinity; however, 
variation in P:B habitat availability with lake level changes also had an influence. Lake 
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Cochrane’s simple basin characteristics resulted in a strong correlation of P:Bcore with 
PDSI – the highest correlation between core variables and instrumental drought records at 
any of the three sites. By expanding the integration of diatom ecology and habitat 
conditions into paleoclimate inferences, I was able to strengthen our understanding of 
whole-lake response to climate change.  
 Differing bathymetry across the lakes resulted in various non-linear relationships 
between modeled P:B habitat availability and lake level variation, especially in dual-
basin lakes and those with uneven sloping of basin sides. Previous work by Stone and 
Fritz (2004) illustrates the need for three-dimensional basin models when interpreting 
planktic:benthic ratios in sediment records as an indicator of lake level change. Indeed, 
only the simplest basin in our study, Lake Cochrane, showed the traditional positive 
relationship between P:Bmodel and changes in lake level elevation. As shown by modeling 
of different photic penetration depths to define the benthic zone, water clarity was an 
important factor in our three-dimensional lake level models. While I explored a range of 
benthic zone depths in our models based on available data (Osburn et al. 2011), 
additional seasonal information on water clarity at these sites would aid in refining our 
models. The combination of three-dimensional modeling and aerial photographs 
presented here confirmed that lake level responded fairly synchronously to regional 
changes in moisture balance, and improved our understanding of the complex 
relationships between lake level change and habitat zonation within different lakes.  
 These differences in physical settings resulted in variations in the ecological 
response of prairie lakes to drought. Rather than being driven only by changes in water 
chemistry, diatom communities also responded to physical changes in P:B habitat with 
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lake level change. The expected negative correlation between PDSI and DI-salinity 
appeared to be influenced by P:B of fossil diatoms at some sites, particularly at Moon and 
Coldwater Lakes.  For these two sites, complex bathymetry resulted in non-linear 
relationships between drought, lake level change, and habitat zonation, and deciphering 
these relationships required an understanding of site-specific characteristics and the 
ecology of fossil diatom species.  At Moon Lake, the negative correlation between PDSI 
and DI-salinity broke down during wetter time periods, which may be a result of a larger 
influence of benthic diatoms during highstands indicated by basin models. Due to the 
internal structure of the original calibration set, a high proportion of benthic taxa 
appeared to artificially skew the reconstructed value to more moderate salinity values. At 
Coldwater Lake, deviations from expected relationships were also likely driven by the 
complex double-basin nature of this site and the strong influence of benthic diatom 
species. During highstands, such as modern conditions, the coalescence of the basins 
results in a large potential area of benthic habitat in the southern basin. However, when 
basins were separated during lowstands (only 1.5 m below present lake level), the amount 
of potential benthic area was greatly reduced in the main northern basin (where the 
sediment core was collected). This sensitivity of habitat zonation to lake level change at 
Coldwater Lake resulted in complex relationships between drought conditions and diatom 
community structure, altering the accuracy of diatom-based salinity reconstructions. For 
sites such as Lake Cochrane, however, simple bathymetry and a straightforward 
relationship between P:B habitat and lake level change allowed for a strong correlation 
between P:B of diatom communities and instrumental drought records.  In such cases, 
especially with little to no relationship evident between drought records and DI-salinity, 
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P:B of sedimentary diatom communities may be a preferable metric for lake level change 
over DI-salinity. Our results may also aid in interpretations and site selection for recently 
developed diatom-based transfer functions for lake depth in Nebraska (USA, Shinneman 
et al. 2010) and Ontario (Canada, Laird et al. 2010). 
 The integration of instrumental and historical records with modern and 
paleoecological approaches provided valuable insight into understanding records of past 
environmental change. The value of a multiproxy approach within sediment cores is 
already recognized (e.g., Last et al. 1998, Pienitz et al. 2000, Anderson et al. 2008), and 
additional historical information can be used to relate sediment core data to known 
environmental conditions. Aerial photographs, often together with survey data, have been 
utilized in a variety of studies examining historical lake level and surface water changes 
in many different systems (e.g. Lyon and Drobney 1984, Van Stempvoort et al. 1993, 
Jones et al. 2001, Riordan et al. 2006). In our study, the approach of analyzing lake area 
from aerial photographs complemented the three-dimensional models of lake elevation 
change, by providing a range of actual lake level change over the last century to guide 
our interpretations of the models and cores. LLaerial was positively correlated across all 
three sites (average ρ = 0.52) though no pairwise comparisons were significant, likely due 
to the small number of data points because of limited availability of images (only eight 
photographs per lake over the past century). As water levels are often highly coherent 
across lakes in a region (Magnuson et al. 1990), the combination of aerial photographs 
with lake level models and instrumental drought records allowed us to better understand 
whole-lake response to change at each of the three sites. In this case, examining site-
specific response to large-scale climate forcing provided insight into which 
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paleolimnological metrics best represent drought patterns in lake sediment records at 
individual sites. 
 In addition to lake bathymetry, other factors may also influence individual lake 
response to changing environmental conditions. Groundwater and local hydrology are 
important to consider, particularly for drought reconstructions, as drought-induced 
changes in lake level may alter groundwater flow paths and chemical signatures of lake 
water in paleoclimate records (Smith et al. 1997, Smith et al. 2002). Salinity signals can 
also become complicated when lake basins coalesce due to rising water levels, such as in 
Spring Lake, also located in the Great Plains (Shapley et al. 2005). Ostracode salinity 
proxies (Mg/Ca ratios of C. rawsoni shells) indicated high salinity at this site during 
historical highstands of the 1990s. Rather than reflecting a drought signal, the high 
salinity was actually caused by the coalescence of Spring Lake with nearby systems 
containing much higher concentrations of solutes as water levels rose throughout the 
region. The influence of basin separation and coalescence on salinity records at our sites 
is unclear, and should be further explored at Coldwater Lake in particular. However, 
differences in groundwater sources do not currently appear to be a strong influence at 
either Moon or Coldwater Lakes (Jovanelly et al. 2001). Since 1972, water levels at Lake 
Cochrane have been artificially maintained at 513 m above mean sea level, and will 
therefore complicate any future lake level change signals at this site (Stueven et al. 2000).  
The combined effects of physical and chemical changes in response to drought 
have important implications for diatoms, as well as other biota within lake ecosystems. 
Changes in habitat zonation for planktic and benthic habitat can alter not only diatom 
assemblages, but also macrophyte (Hakanson and Boulion 2002, Cheruvelil and Sorrano 
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2008) and zooplankton communities (Hofmann 1998). The resulting shifts in ecological 
interactions among these groups could affect diatom community structure in a number of 
ways, including substrate availability for epiphytic diatom species, water clarity, and 
zooplankton grazing pressure. The complexity of potential effects and interactions across 
these drivers of biological proxies only strengthens the need for a better understanding of 
the ecology of lakes chosen as sites for paleoclimate reconstructions.  
 Here, I have illustrated the need for better understanding of individual site 
ecology when interpreting paleolimnological records, particularly when examining 
biological proxies that may be influenced by a range of extrinsic and intrinsic factors. 
Ecological response of lakes to changing drought conditions was unique at each of three 
sites in the Great Plains. These differences in drivers of fossil diatom assemblages were 
largely due to site-specific physical characteristics that altered relationships between lake 
level change and planktic versus benthic habitat zonation within the lakes. The 
integration of additional ecological characteristics into interpretations of paleoclimate 
records is important to improve our understanding of site-specific responses to regional 
environmental changes.  
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CHAPTER 3 
INVESTIGATING POTENTIAL EFFECTS OF ZOOPLANKTON GRAZING ON 
THE ACCURACY OF DIATOM-BASED SALINITY INFERENCES IN PRAIRIE 
SALINE LAKES OF THE GREAT PLAINS (USA) 
 
3.1. Chapter Abstract 
The implications of zooplankton grazing on the integrity of diatom-based 
paleoclimate reconstructions remain unclear. Zooplankton grazing may differentially 
affect the proportion of small, edible diatom species within fossil assemblages by 
removal or damage, or by increased sedimentation via egestion. By altering the 
community structure of sedimentary diatom assemblages, zooplankton grazing may 
reduce the accuracy of diatom-inferred reconstructions and contribute to disparities 
across regional records.  
Cladoceran zooplankton remains were analyzed in sediment cores from Coldwater 
Lake and Moon Lake (North Dakota, USA) to assess changes in potential grazing 
pressure on algae and explore how this may influence diatom-inferred salinity 
reconstructions.  Edible diatom species were unevenly distributed along the salinity range 
of the original calibration set (i.e., lower salinity optima had the highest proportion of 
edible diatom species, and only inedible species had optima in moderate salinity waters), 
and the percentage of inedible diatoms in sediment records was higher at Moon than at 
Coldwater. Key zooplankton taxa differed between lakes and over time. Zooplankton 
sedimentary assemblages in Moon Lake were dominated by littoral zooplankton, 
including Alona sp., and the larger bodied taxa Leydigia leydigi and Pleuroxus sp. 
39 
 
Coldwater Lake sedimentary assemblages were primarily small-bodied, with 
representatives from pelagic (Bosmina sp.) and littoral habitats (Alona sp., Chydorus 
sphaericus). While these taxa were present throughout the core, older sediments were 
dominated by Alona sp., with a gradual shift in more recent sediments to Bosmina sp. 
comprising approximately 80% of the total assemblage. Small-featured Bosmina sp. 
throughout the record indicated low invertebrate predation pressure. Relationships 
between zooplankton and inedible diatoms varied by lake, with a higher percentage of 
inedible diatoms in Moon Lake sediments when L. leydigi was more abundant, and C. 
sphaericus and Alona sp. positively related to the relative abundance of inedible diatoms 
in Coldwater sediments. These data suggest differences in grazing pressure on diatoms 
between the two lakes, and imply that zooplankton-phytoplankton interactions may have 
important implications for the accuracy of drought reconstructions in the Great Plains.  
 
3.2. Introduction 
Sedimentary diatom communities are often used to reconstruct paleoclimate (Fritz 
et al. 1991, Pienitz et al. 1995, Bigler and Hall 2003, Laird et al. 2012), however the role 
of within-lake ecological processes in altering the integrity of sedimentary diatom records 
remains largely unresolved. Changes in climatic variables, such as precipitation and air 
temperature, can alter diatom community structure through several different chemical, 
physical, and biological pathways (Fig. 3.1). While relationships between diatom 
communities and abiotic drivers, such as lakewater chemistry (Laird et al. 1996a) or lake 
level (Wolin and Duthie 1999), have formed the basis for paleoclimate reconstructions, 
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influences by biotic interactions may weaken those links between environmental change 
and sedimentary diatom assemblages. 
 
 
Figure 3.1. Conceptual model of factors affecting diatom community structure. 
 
Though zooplankton grazing effects on algae have been thoroughly studied in 
contemporary ecology (summarized by Wetzel 2001), their implications for 
paleolimnological reconstructions are not well understood. Herbivory has affected 
environmental reconstructions from tree-rings (Trotter et al. 2002, Speed et al. 2011) and 
pollen records (Craine and McLauchlan 2004), and the influence of grazing on fossil 
pigment records in lakes has also been documented (Carpenter et al. 1986, Carpenter and 
Leavitt 1991). The strength of zooplankton grazing effects is largely controlled by 
zooplankton species ecology, feeding rates, body size, and abundance (Wetzel 2001). 
Zooplankton grazing pressure can alter overall abundance of algal standing crops, as well 
as community composition, by complete removal or by damage of cells, which may 
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cause rapid dissolution of diatom frustules in some systems (Ryves et al. 2001). 
Alternatively, zooplankton grazing may increase the transport of materials to sediments 
by egestion in pellets or aggregates (Turner and Ferrante 1979). Particles that descend 
rapidly may be subject to less degradation in the water column, potentially leading to 
improved preservation in the sediment record, such as for pigments in zooplankton feces, 
which can be overrepresented in sediment traps relative to concentrations within the 
water column (Leavitt and Carpenter 1990). Whether by removal or increased 
sedimentation of edible algal cells, zooplankton grazing may differentially alter the 
representation of edible versus inedible diatom taxa within the sediment record. This 
suggests the need to quantify both diatom and zooplankton communities in lake 
sediments in order to account for this important biotic influence on fossil diatom 
assemblages used in paleoclimate reconstructions.  
Changing climatic conditions can also influence zooplankton communities via 
variations in moisture balance, which alters lake level and salinity (Hann 1989, Derry et 
al. 2003), as well as changes in temperature (Johannsson and O’Gorman 1991, 
Stemberger et al. 1996). Fossil zooplankton communities can reflect these climate-
mediated fluctuations in salinity and lake level (Alhonen 1970, Hofmann 1998, Bos et al. 
1999), depth (Nevalainen 2011), and temperature (Korhola 1999, Lotter et al. 2000, 
Nevalainen and Luoto 2012).  Cladoceran zooplankton records can also provide 
additional information on whole-lake response to large-scale climatic drivers, as they 
respond to changes in ecosystem state and trophic status (Chen et al. 2010), as well as 
overall food web structure (Jeppesen et al. 1996, Jeppesen et al. 2002). 
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With low coherence in diatom-based salinity inferences across lakes in the 
northern Great Plains (USA), and evidence for high zooplankton densities relative to 
algal biomass in saline lakes (Campbell and Prepas 1986), the effects of grazing on the 
integrity of fossil diatom records is of particular importance in these systems. If edible 
diatom taxa are unevenly distributed along the salinity gradient within the original 
calibration set, zooplankton grazing may differentially remove or increase transport of 
valves of edible diatoms to the sediment record. Such modification to diatom records by 
grazing may result in biased salinity inferences.  
To explore the potential effects of grazing on diatom fossil records in the Great 
Plains, we analyzed sedimentary zooplankton records at two sites in this region, Moon 
Lake and Coldwater Lake (North Dakota, USA), which are geographically close but have 
disparate diatom-inferred salinity reconstructions (Fritz et al. 2000). We also examined 
edibility characteristics of diatom communities in the original salinity calibration set, as 
well as previously published diatom records used to reconstruct salinity, and explored 
correlations between diatom edibility and fossil zooplankton communities to assess 
potential grazing influence by individual taxa.  
 
3.3. Methods 
3.3.1. Study Site  
The northern Great Plains is a semi-arid region in North America, which contains 
numerous sub-saline and saline closed-basin lakes (Fig. 3.2). This drought-prone region 
is an area of intense agricultural production with generally negative moisture balance and 
level to gently rolling topography. Moon Lake (Barnes County, ND) and Coldwater Lake 
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(McIntosh County, ND) were selected for this study, because sedimentary diatom profiles 
spanning the last 2000 years in each lake were used to infer salinity and long-term 
drought patterns (Laird et al. 1996a, Fritz et al. 2000). Short diatom cores spanning the 
last century from both lakes were used to explore the influence of basin morphometry and 
drought-induced changes in habitat zonation on diatom-inferred salinity reconstructions 
(see Chapter 2).   
 
 
Figure 3.2. Study site locations for Moon Lake and Coldwater Lake in North Dakota, 
USA.  
 
 
3.3.2. Sediment core collection and dating 
Sediment cores were collected from Moon and Coldwater Lakes in June 2009 
with a modified piston corer. A 1.47 m length core from Moon and a 1.43 m length core 
from Coldwater with intact sediment-water interfaces were extruded in the field in 0.5 cm 
intervals from 0-30 cm depth, and in 1 cm intervals below 30 cm. Samples were kept 
refrigerated and were later subsampled in the laboratory. Cores were dated with 
210
Pb 
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methods from selected samples from each core. Samples were dried and homogenized, 
and counted for 
210
Pb activities after two weeks of equilibration. 
210
Pb activities were 
counted by distillation and gamma ray spectroscopy methods (modified from Eakins and 
Morrison 1978). The constant flux:constant sedimentation rate model (Oldfield and 
Appleby 1984) was used to determine dates, and the 
137
Cs peak from nuclear bomb 
testing from 1950-1960 served as a chronostratigraphic marker to check age-depth 
profiles.  
 
3.3.3. Cladoceran remains 
 Samples for fossil cladoceran remains were processed by a modified method 
following the approach of Korhola and Rautio (2001). For Coldwater Lake, 
approximately 0.5 g dried sediment was deflocculated in 50 mL of 10% KOH for 30 
minutes, with 5 mL of 10% HCl added afterwards to remove carbonates. Samples were 
then sieved through 37 µm mesh and 5 drops of 90% ethanol were added for 
preservation. For Moon Lake sediments, this standard approach did not sufficiently clean 
the remains for identification. After attempting several combinations of processing, we 
found that the best technique was to modify the standard approach in a similar approach 
as Nowak et al. (2008), with HCl added first to remove carbonates before deflocculation, 
as well as a sonication step to break up aggregates within the sample. For the Moon Lake 
sediments, we added 10% HCl first, and the material was then sieved and rinsed through 
75 µm mesh and deflocculated for 30 minutes with 10%  KOH. After adding 5 mL of 
HCl to neutralize the KOH, samples were sonicated in a water bath at 47 kHz for 3 
minutes (Bransonic 3200) and finally sieved and rinsed again through 75 µm mesh. 
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Though this sieve size is slightly larger than what is typically used (32-50 µm), the 75 
µm sieve retained small cladoceran body parts (including post abdomen and head shields) 
but allowed us to remove extra particulates that were interfering with identification of 
remains.  
After this processing, samples for both sites were mounted on slides by gently 
mixing 50-100 uL of processed sediments with a safranin-glycerin jelly stain. All 
cladoceran remains, including ephippia, were enumerated on an Olympus BX51 on 200X 
or 400X magnification, with references to the following sources for identification and 
ecological characteristics: Frey (1959), Frey (1960), Frey (1962), Duigan (1992), and 
Vandekerhove et al. (2004). Due to low densities, at least 100 parts were counted for each 
sample (Kurek et al. 2010), except for poorly preserved samples, where at least 600 uL of 
residue were counted. Digital images were also taken of all Bosmina antennules and 
mucro for measurement in Image J (version 1.46r), along with percentage of cornuta 
form or curved antennules (Sanford 1993), to assess possible predation pressure by upper 
trophic levels. Results for cladoceran remains are reported in density and relative 
abundance based on the body part (headshield, carapace, postabdomen claw, ephippium 
or Bosmina sp. antennules) for each taxon that was most frequent and/or most reliably 
identified (Frey 1986). Planktic:littoral ratios were calculated using densities for all 
planktic and littoral taxa, including those calculated from ephippia. 
 
3.3.4. Diatom edibility analysis 
To determine potential influence of zooplankton grazing on diatom records, we 
examined the edibility of diatom taxa present in the original salinity calibration set as 
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well as previously published diatom profiles for short cores from Moon and Coldwater 
Lakes. We defined edibility of species based upon the greatest axial linear dimension 
(GALD, Carpenter et al. 1993, Dickman et al. 2008), as edibility of algal cells for filter-
feeding zooplankton is primarily dependent on cell size (e.g. Porter 1973, Reynolds 1984, 
Bergquist et al. 1985, Thorp and Covich 1991, Cottingham 1999). Edible diatom species 
were defined as ≤ 30 µm GALD, and inedible species were > 30 µm GALD or with 
additional defensive structures such as spines (Patrick and Reimer 1966 & 1975, 
Krammer and Lange-Bertalot 1986, Spaulding et al. 2010).  
 
3.3.5. Statistical analysis 
Spearman’s nonparametric correlations, with appropriate Bonferroni corrections 
for significance testing, were used to identify relationships between zooplankton 
community structure and instrumental drought and temperature records, as well as 
relative abundances of inedible diatom species. Zooplankton densities and relative 
abundances for each taxon and planktic:littoral ratios were compared to the Palmer 
Drought Severity Index (PDSI, with 36-month averages), as well as to monthly averages 
of spring temperatures for April, May, and June, from 1900-2009. Instrumental data were 
downloaded from the National Climatic Data Center for U.S. Climatological Divisions 6 
(Moon Lake) and 9 (Coldwater Lake) in North Dakota (www.ncdc.noaa.gov).  In order to 
compare dominant zooplankton densities and relative abundances with relative 
abundance of inedible diatoms in short cores, samples were binned into 5- or 10-year 
increments. For Moon, 35 binned samples from 1750-1994 were compared, with 5-year 
binning from 1800-1994 (e.g., 1800-1804, 1805-1809, etc.) and 10-year binning prior to 
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1800 (e.g. 1750-1759, 1760-1769, etc.). For Coldwater, 12 binned samples from 1910-
1994 were compared, with 5-year binning.  Missing binned dates were excluded from the 
analysis (Moon: 1780, 1810, 1825, 1850, 1880, 1910, 1940, and 1965; Coldwater: 1915, 
1925, 1940, 1950, and 1965).  
 
3.4. Results 
3.4.1. Chronology 
 Unsupported 
210
Pb activities at both lakes showed good exponential least squares 
fits (Moon R
2
 = 0.89; Coldwater R
2
 = 0.79; Fig. 3.3). Moon Lake 
210
Pb activities 
flattened slightly in the uppermost sediments, with reliable dates from present until 1921. 
Dates for samples below 30 cm were extrapolated based on last calculated sedimentation 
rates. Coldwater Lake 
210
Pb activities also were slightly lower in surface sediments. Dates 
were reliable from present through 1909, with extrapolated dates below 26 cm. 
137
Cs 
peaks at both sites were fairly consistent with nuclear bomb testing in the United States, 
with a very well-defined peak occurring at 1952 in Moon. The 
137
Cs activity at Coldwater 
was less defined, beginning to rise in 1952 and peaking in 1972.   
 
3.4.2. Cladoceran remains 
Sedimentary zooplankton assemblages differed between lakes and over time. 
Moon Lake communities were dominated by littoral zooplankton throughout the core 
(Fig. 3.4a, 3.5a), including Chydorus sphaericus and small Alona sp., and the larger 
bodied taxa Leydigia leydigi and Pleuroxus sp. Chydorus sphaericus was higher in 
relative abundance in early sediments, with its highest densities in the early 1600s and  
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Figure 3.3. Lead-210 based chronology for cores, including 
137
Cs activity. A) Moon and 
B) Coldwater. Dashed lines indicate supported 
210
Pb levels.  
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another smaller peak in the late 1700s. Densities of L. leydigi were very low from 1900-
1940. Pleuroxus sp. (possibly P. denticulatus, based on denticles present on posterior of 
carapace fragments) abundance was higher in the upper portion of the core, though this 
may have been due to poor preservation in deeper sediments, as some carapace fragments 
were present throughout the core. Carapaces of the small Alona sp.group were mostly 
unmarked and unable to be identified to species level, though this group does include 
some Alona costata carapaces and three-pored headshields similar to the A. guttata or A. 
rectangula type. The small Alona sp. group peaked from 1970-1990, with lower densities 
in the remainder of the core. Ephippia from Ceriodaphnia sp. and some Daphnia sp. were 
also present, with peak densities of Ceriodaphnia ephippia in the 1720s, 1780s, 1870s, 
1927, and 1985. Planktic:littoral ratios, based on ephippia densities from planktic taxa 
relative to littoral taxa densities, were highest in 1721, 1788, and the early 1930s.  
In Coldwater Lake, sedimentary zooplankton assemblages primarily consisted of 
small-bodied taxa (Fig. 3.4b, 3.5b), with representatives from pelagic (Bosmina sp.) and 
littoral habitats (Alona sp., Chydorus sphaericus). While these taxa were present 
throughout the core, older sediments alternated between dominance by Bosmina sp. and 
small Alona sp., with a gradual shift in more recent sediments to Bosmina sp. comprising 
approximately 80% of the total assemblage. Bosmina sp. densities peaked from 1640-
1700 and began a steady increase since the 1920s to present. Densities of the small Alona 
sp. group, similar to that of Moon Lake, were fairly stable for most of the core, with 
peaks in the late 1500s and early 1800s. Ephippia from Ceriodaphnia sp. and Daphnia 
sp. were also present in Coldwater, but less consistently and in lower densities compared 
to Moon Lake. Planktic:littoral ratios were primarily driven by changes in Bosmina sp. 
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abundance, with similar peaks in the mid- to late-1600s and increasing ratios from 1950s 
until 2005, with a slight decrease in the uppermost sediments.  
The Bosmina sp. remains in Coldwater Lake were analyzed for changes in 
morphology, as potential indicators of predation pressure from upper trophic levels (Fig. 
3.6). Due to lower Bosmina sp. densities deeper in the core, few samples prior to the 
1980s contained greater than 50 measurable antennules or mucro. Antennule length was 
fairly stable for most of the core, between 100-130 µm, with shorter lengths in 1679 and 
1931 averaging around 50 µm; these samples were based on more than 50 measurements, 
and corresponded with higher Bosmina sp. densities. An additional shorter measurement 
occurred in the early 1500s, though this was based on a small number of measurements (n 
= 6). Cornuta form or curved form antennules were present throughout the core, 
generally comprising 30-60% of the antennules present. The percentage of cornuta form 
did not appear to correspond with Bosmina densities in upper sediments. Mucro length 
averaged around 20 µm from 1600 to present, with slightly longer but variable 
measurements prior to 1600. Peak mucro lengths occurred in 1931 (n = 26) and 1679 (n = 
10). Bosmina carapace measurements, as a body size metric, were not included in this 
analysis due to frequent damage and fragmentation of carapaces resulting in unreliable 
measurements.  
 
 
 
 
 
55 
 
 
 
 
Figure 3.6. Fossil Bosmina sp. morphology, based on antennule length, percent cornuta 
form or curved form antennules, and mucro length. Length averages were based on all 
measureable parts for each sample, though most samples prior to 1980 had fewer than 50 
antennules or mucro due to lower densities of Bosmina sp. Error bars indicate standard 
error, and gaps indicate samples with no measureable body parts. 
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3.4.3. Diatom edibility analysis 
 Edible diatoms were unevenly distributed along the salinity gradient in the 
original calibration set (Fig. 3.7). Only inedible species were present for moderate 
salinities (5-15 g L
-1
), with the lowest salinity samples having the highest proportion of 
edible taxa. The abundance of inedible diatom valves in previously published diatom 
profiles was higher in Moon Lake than in Coldwater Lake (Fig.3.8). At Moon Lake, 
inedible diatoms often comprised greater than 80% of the assemblage from 
approximately 1860 to present. Inedibility was lower in the 1860s and mid 1700s. 
Dominant inedible species included Cyclotella quillensis Bailey, Rhoicosphenia curvata 
(Kützing) Grunow, and Chaetoceros elmorei/muelleri Boyer, and dominant edible 
species were Stephanodiscus minutulus (Kützing) Cleve & Möller, and Cyclotella 
meneghiniana Kützing. At Coldwater Lake, inedibility was lower than at Moon, and 
generally ranged between 50-70% of the assemblage over the past century. Inedible taxa 
abundances were highest prior to 1910, during the 1930s, 1970, and in the late 1980s, and 
included C. quillensis, C. elmorei/muelleri, and Fragilaria capucina var. mesolepta 
Rabenhorst. Dominant edible taxa included C. menighiniana and Cymbella cymbiformis 
C. Agardh.  
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Figure 3.7. Distribution of edible and inedible diatom species along the salinity gradient 
of the original salinity calibration set for the Great Plains (Fritz et al. 1991). Edible 
diatom species were defined as ≤ 30 µm of the greatest axial linear dimension (GALD), 
and inedible species were > 30 µm GALD or with additional defensive structures. 
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Figure 3.8.  Diatom inedibility analysis of short cores. A) Moon and B) Coldwater 
Lakes. Edibility was based on greatest axial linear dimension and any defensive 
structures which may have inhibited grazing by zooplankton. Black shading = relative 
abundance of inedible diatoms; gray shading = relative abundance of edible diatoms. 
Note differences in time scales between lakes.  
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3.4.4.  Influences of drought and spring temperature on zooplankton 
communities  
Relationships between zooplankton and PDSI varied among taxa at each lake 
(Table 3.1), though none were statistically significant (Bonferroni corrections for Moon: 
α = 0.05/7 = 0.007; and for Coldwater: α = 0.05/9 = 0.006). Correlations with PDSI were 
generally similar for density and relative abundance of each taxon. At Moon, Chydorus 
sphaericus was the most strongly related to drought conditions, with higher abundances 
during dry conditions (density, ρ = -0.23, p-value = 0.20). Planktic:littoral ratios were 
also slightly higher during periods of drought (ρ = -0.14, p-value = 0.44).  At Coldwater, 
Bosmina sp. was most strongly related to PDSI, with higher abundances during wetter 
times (density, ρ = 0.30, p-value = 0.12), and planktic:littoral ratios were lower during 
drier conditions (ρ = 0.23, p-value = 0.22).  
 
Table 3.1. Spearman’s nonparametric correlations for fossil zooplankton density, relative 
abundances, and planktic:littoral ratios with Palmer Drought Severity Index from 
approximately 1900-2009. No correlations were statistically significant (Bonferroni 
corrections for Moon: α = 0.007; and for Coldwater: α = 0.006). 
 
 
Moon Lake ρ  Coldwater Lake ρ 
   Leydigia leydigi      Bosmina sp.  
       Density -0.04         Density 0.30 
       % abundance -0.03         % abundance 0.23 
   Chydorus sphaericus      Alona sp.   
       Density -0.23         Density -0.24 
       % abundance -0.28         % abundance -0.24 
   Alona sp.       Chydorus sphaericus  
       Density 0.10         Density 0.11 
       % abundance -0.05         % abundance -0.09 
   Planktic:littoral -0.14     Leydigia leydigi  
          Density 0.14 
          % abundance 0.02 
      Planktic:littoral 0.23 
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Zooplankton community correlations with spring temperatures were different 
between lakes and by monthly temperature average (Table 3.2). In Moon, Leydigia 
leydigi density was higher with warmer May (ρ = 0.41, p-value = 0.02) and April 
temperatures (ρ = 0.24, p-value = 0.18), but the relative abundance was lower during 
warmer conditions for all three months. Chydorus sphaericus shifted from lower 
abundances during warmer temperatures in April (% abundance, ρ = -0.24, p-value = 
0.18) to higher abundances during warmer conditions in June (% abundance, ρ = 0.20, p-
value = 0.25). During warmer years, Alona sp. was more abundant, especially in April 
(density, ρ = 0.24, p-value = 0.17) and May (density, ρ = 0.34, p-value = 0.05), and fewer 
planktic species were present relative to littoral species in May (ρ = -0.35, p-value = 
0.05) and June (ρ = -0.25, p-value = 0.16). In Coldwater, both density and relative 
abundances for L. leydigi were significantly lower during warmer April temperatures 
(density, ρ = -0.54, p-value = 0.003; percent abundance, ρ = -0.54, p-value = 0.003). 
Bosmina sp. densities were slightly lower in years with warmer May temperatures (ρ = -
0.20, p-value = 0.31). Planktic:littoral ratios were more weakly related to spring 
temperatures at this site, with more planktic species during warm conditions in April (ρ = 
0.15, p-value = 0.45) and a shift to slightly fewer planktic species during higher 
temperatures in June (ρ = -0.11, p-value = 0.59). 
 
 
 
 
 
61 
 
Table 3.2. Spearman’s nonparametric correlations for fossil zooplankton density and 
relative abundance with monthly spring temperatures for the past century. Bolded values 
indicate statistically significant relationships (Bonferroni corrections for Moon: α = 
0.008; and for Coldwater: α = 0.006). 
 
Moon Lake 
April May June  
Coldwater Lake 
April May June 
ρ ρ ρ  ρ ρ ρ 
   Leydigia leydigi        Bosmina sp.    
       Density 0.24 0.41 -0.02         Density -0.05 -0.20 0.01 
       % abundance -0.10 -0.17 -0.13         % abundance 0.15 -0.03 -0.10 
   Chydorus sphaericus        Alona sp.     
       Density -0.11 0.06 0.09         Density -0.19 0.07 0.17 
       % abundance -0.24 -0.14 0.20         % abundance -0.16 0.08 0.18 
   Alona sp.         Chydorus sphaericus    
       Density 0.24 0.34 0.04         Density 0.09 0.14 -0.14 
       % abundance 0.09 0.13 0.04         % abundance 0.10 0.20 -0.01 
   Planktic:littoral -0.04 -0.35 -0.25     Leydigia leydigi    
            Density -0.54 -0.28 -0.14 
            % abundance -0.54 -0.14 -0.21 
        Planktic:littoral 0.15 -0.03 -0.11 
 
 
 
3.4.5. Zooplankton communities and inedible diatoms in sediment cores 
Correlations between zooplankton and relative abundance of inedible diatom 
species varied among taxa and differed between sites (Table 3.3), though no relationships 
were statistically significant with Bonferroni corrections (Moon: α = 0.05/6 = 0.008; and 
Coldwater: α = 0.05/8 = 0.006), possibly due to binning of samples for comparison 
between cores. Correlations with percent inedible diatoms were generally similar for both 
density and relative abundance of zooplankton taxa. At Moon, Chydorus sphaericus was 
most strongly related to diatom inedibility, with fewer inedible diatoms when C. 
sphaericus was abundant (relative abundance: ρ = -0.41, p-value = 0.015). The 
proportion of inedible diatoms was greater with higher abundances of Leydigia leydigi 
(relative abundance: ρ = 0.26, p-value = 0.13). At Coldwater, the diatom short cores only 
extended back to the early 1900s, resulting in 12 binned samples over the past century for 
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comparison. The relative abundance of inedible diatoms was higher with larger 
populations of both Chydorus sphaericus (relative abundance: ρ = 0.30, p-value = 0.34) 
and Alona sp. (relative abundance: ρ = 0.22, p-value = 0.48). Though L. leydigi 
comprised the smallest component of the fossil zooplankton community at Coldwater, it 
was strongly related to diatom inedibility, with fewer inedible diatoms when L. leydigi 
abundance was high (relative abundance: ρ = -0.59, p-value = 0.05). However, this 
appears to be driven primarily by the 1920-1924 binned sample, where the maximum L. 
leydigi and minimum inedibility occurred in the past century.  
 
 
Table 3.3. Spearman’s nonparametric correlations for fossil zooplankton density and 
relative abundance with percent inedible diatoms. No relationships were statistically 
significant (Bonferroni corrections for Moon: α = 0.008; and for Coldwater: α = 0.006). 
 
 
Moon Lake ρ  Coldwater Lake ρ 
   Leydigia leydigi      Bosmina sp.  
       Density 0.11         Density -0.16 
       % abundance 0.26         % abundance -0.17 
   Chydorus sphaericus      Alona sp.   
       Density -0.43         Density 0.27 
       % abundance -0.41         % abundance 0.22 
   Alona sp.       Chydorus sphaericus  
       Density -0.05         Density 0.22 
       % abundance 0.05         % abundance 0.30 
      Leydigia leydigi  
          Density -0.55 
          % abundance -0.59 
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3.5. Discussion 
 Due to differences in zooplankton species ecology and abundance in the sediment 
record, the potential influence of cladoceran grazing on the integrity of sedimentary 
diatom records is likely unique to each site and variable through time. Fossil zooplankton 
communities varied through time and between sites, with primarily littoral species 
present at Moon Lake, and small-bodied planktic and littoral species at Coldwater. The 
proportion of inedible diatoms was slightly higher at Moon Lake than at Coldwater Lake, 
particularly in upper sediments, with different zooplankton taxa correlated to the relative 
abundance of inedible diatom taxa at each site.  
While zooplankton species present in the sediment records were similar between 
the lakes, there were key differences in community structure and dominant taxa. Moon 
Lake fossil zooplankton communities were dominated by littoral taxa, and pelagic species 
were only represented by ephippia from Daphnia and Ceriodaphnia in the sediment 
record. The density of Chydorus sphaericus, a more saline-tolerant species (Frey 1993), 
may be an additional indicator of higher lakewater salinity in the sediment record at this 
site. Coldwater Lake zooplankton were primarily small bodied, with a shift towards a 
relatively stable community structure in the past century with Bosmina sp. as the 
dominant species. Ephippia from other pelagic taxa, Daphnia and Ceriodaphnia, were 
also present at Coldwater, but at much lower densities than found at Moon Lake. At 
Coldwater, major shifts in planktic:littoral ratios primarily reflected changes in densities 
of the pelagic Bosmina sp. throughout the core. 
Fossil zooplankton communities can record climate-mediated fluctuations in 
temperature (Korhola 1999, Lotter et al. 2000, Nevalainen and Luoto 2012), as well as 
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salinity and lake level (Alhonen 1970, Hofmann 1998, Bos et al. 1999). At both Moon 
and Coldwater, relationships between some zooplankton taxa and temperature were 
dependent on the month (April, May, or June), suggesting that the timing of spring 
warming was important for density of certain species and overall community structure. 
The timing of zooplankton emergence and coupling of interactions with phytoplankton 
can be strongly affected by spring temperatures (Adrian et al. 1999, Straile and Adrian 
2000, Winder and Schindler 2004, Gaedke et al. 2009). At Moon Lake, Chydorus 
sphaericus density was negatively correlated with instrumental drought records over the 
past century. Leydigia leydigi density was strongly positively correlated with 
temperature, though relative abundances were weakly negatively correlated, possibly due 
to concurrent increases in Alona sp. during warmer years. Planktic:littoral ratios at Moon 
Lake were higher with dry conditions and cool spring temperatures, though these 
correlations are influenced by very high planktic:littoral values in 1927 and 1933. Higher 
planktic:littoral ratios during drought is opposite from the traditional relationship under 
which planktic habitat increases with rising lake levels, although bathymetric models for 
Moon show that relative planktic habitat decreases at higher lake levels at this site, due to 
the shape of the lake basin (see Chapter 2). At Coldwater Lake, L. leydigi density and 
relative abundance was significantly lower in warmer springs, though this was a small 
proportion of the whole community. Bosmina sp. was variable in its correlations to 
temperature. However, Bosmina sp. density and planktic:littoral ratios were positively 
correlated with PDSI, and Alona sp. were negatively correlated with PDSI. This shift 
between dominance of a pelagic versus a littoral taxon with changes in drought 
conditions may be a result of habitat shifts in response to climate-mediated lake level 
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change (Alhonen 1970, Hann 1989), though this shift should be interpreted with caution 
due to the complex basin morphometry of Coldwater Lake (see Chapter 2). 
Predation from upper trophic levels, by invertebrates or planktivorous fish, can 
also influence zooplankton communities (Brooks and Dodson 1965, Sprules et al. 1984, 
Hansson et al. 2007), and changes in zooplankton body size, morphology, and 
community structure of fossil zooplankton records have been used to as indicators of past 
planktivorous fish densities and introduction of species (Kitchell and Kitchell 1980, 
Leavitt et al. 1989, Jeppesen et al. 1996, Verschuren and Marnell 1997, Jeppesen et al. 
2002). At Coldwater Lake, the high frequency of small-featured Bosmina sp. suggested 
consistently low invertebrate predation pressure throughout the core at Coldwater Lake. 
The presence of cornuta-form Bosmina antennules, often greater than 50% of the 
antennules present, were also consistent with low invertebrate predation pressure, 
possibly as a result of strong planktivory by fish (Sanford 1993). Bosmina with cornuta-
form antennules cannot escape invertebrate grasping as effectively as the straight 
antennule form, and therefore are rarely present under strong invertebrate predation. 
However, the shorter curved forms may aid in filter feeding under eutrophic conditions 
(Gliwicz 1977, Kerfoot 1981), as well as having reproductive advantages over long-
featured forms (Kerfoot 1977).  In addition, the shorter mucro and antennule lengths at 
Coldwater also indicate small overall zooplankton community size structure (Alexander 
and Hotchkiss 2010). Small Bosmina body size in the 1900s was consistent with changes 
in food web structure due to fish stocking history at this site as well (North Dakota Game 
and Fish Department), as stocking began in the 1920s-1930s, with regular introductions 
of northern pike and walleye until present. Yellow perch were also stocked from 1964 
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until 1996, along with other species that were introduced periodically on a smaller scale 
since the 1920s. While small-featured Bosmina morphology was consistent with fish 
stocking in the past century, Bosmina features were small throughout the entire core, 
including the early abundance peak in the late 1600s prior to the establishment of 
documented fish stocking programs. Food web structure and possible effects from fish 
introductions at Moon Lake were difficult to clearly identify based on zooplankton 
records. A mix of fingerlings and adults for rainbow trout and walleye have been steadily 
stocked since the late 1990s, with additions of channel catfish and smallmouth bass for 
several years in the 1990s. Brown trout, Chinook salmon, bluegill, fathead minnows, and 
others have been sporadically added to the system since the 1960s. With a lack of 
Bosmina for morphological indicators, low Daphnia ephippia densities, and a complex 
stocking program, the zooplankton record at Moon Lake does not provide clear 
information on past food web structure. 
With limited information available on modern zooplankton communities in these 
prairie systems, we were unable to assess whether the sediment record is an accurate 
representation of full zooplankton communities, an important consideration for any 
interpretations of sedimentary zooplankton records (Rautio et al. 2000). Similar to other 
studies, we found high preservation of chydorid cladocerans (Frey 1960, Korhola 1999) 
and littoral species (Hoffmann 1987, Hann 1989). For taxa represented within the cores, 
the only indication of major preservation issues was the steady decline of Pleuroxus sp. 
from present until 1950 at Moon Lake. This may have been a signal of poor preservation 
downcore, as carapace fragments were present throughout the core but full carapaces 
were rare prior to 1950. Based on multiple trials for Moon Lake samples (data not 
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shown), short sonication times did not damage zooplankton remains yet were sufficient to 
remove particulates from the remains for easier identification. Daphnia and 
Ceriodaphnia ephippia were present in sediment records from Moon and Coldwater, 
although these species are often underrepresented in the sediment record relative to 
Bosmina and Chydorus (Frey 1960, Nykänen et al. 2009).  While low preservation of 
pelagic cladocerans as well as copepods and rotifers within lake sediments (Frey 1960) 
prevents a full analysis of grazing effects on diatoms, edibility characteristics of diatom 
records provide an additional indicator for periods of strong grazing effects. 
 Grazing may alter diatom communities by differentially influencing preservation 
of edible diatoms, either negatively via complete removal of edible diatoms (Wetzel 
2001) or damage that increases dissolution in these saline systems (Ryves et al. 2001), or 
positively via faster sedimentation from egestion in fecal pellets or aggregates (Turner 
and Ferrante 1979). Edible diatom species were unevenly distributed along the original 
calibration set, with only inedible taxa present for moderate salinities. Paleoclimate 
reconstructions for low lakewater salinities are likely the most susceptible to zooplankton 
grazing influences, with the largest proportion of edible diatoms within this range of the 
calibration set and often high zooplankton diversity in low salinity waters (Bos et al. 
1999). The relative abundance of inedible diatom species within sediment records was 
also different for each site, with higher percentages of inedible diatoms at Moon Lake 
(often greater than 80% of the assemblage) and lower percentages at Coldwater (varying 
between 50-70% of the assemblage). 
Differences in the ecology of dominant zooplankton taxa as well as relationships 
between zooplankton and the proportion of inedible diatoms in sediment cores suggest 
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that the potential effects of zooplankton grazing on diatom records are unique to each 
study site. For Moon Lake, the relative abundance of inedible diatoms was higher with 
larger populations of Leydigia leydigi, and lower when Chydorus sphaericus was more 
common.  L. leydigi may have particularly strong effects on the diatom record, due to its 
large body size and preference for feeding on organic material at the sediment-water 
interface (Murugan and Job 1982, Thorp and Covich 2001). The increased presence of 
edible diatom species with higher C. sphaericus densities may be due to better 
preservation of edible diatoms from faster sedimentation in fecal aggregates. 
Alternatively, this correlation may result from overall zooplankton community shifts 
towards dominance by L. leydigi or changes in planktic habitat availability for diatoms. 
Two of the dominant inedible diatom species at Moon are pelagic taxa, so changes in the 
relative abundance of inedible diatoms may reflect habitat zonation changes rather than 
grazing influence by C. sphaericus. At Coldwater Lake, the relative abundance of 
inedible diatoms was higher when Alona sp. and C. sphaericus were more common, in 
contrast to patterns at Moon. Bosmina sp. was more weakly related to the percentage of 
inedible taxa, though Bosmina sp. density was high and fairly stable during the period of 
comparison with diatom records. Also in contrast to Moon, the relative abundance of 
inedible diatom species was lower with higher densities of L. leydigi. However, this 
relationship appeared to be driven by a single binned sample, and as L. leydigi was a 
small component of the community at this site, both in density and relative abundance, 
the extent of its influence on the diatom community is likely less than other taxa at this 
site. While the correlations presented here do not explicitly test the grazing influence by 
zooplankton taxa on diatoms, these results indicate a strong potential for grazing to alter 
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diatom community structure and therefore weaken the accuracy of signals of 
environmental change recorded by diatoms in lake sediments. Further work with 
laboratory or field experiments would aid in identifying species-specific grazing 
influence and which diatoms are most susceptible to grazing. 
 These results suggest a strong potential for influence of zooplankton grazing on 
sedimentary diatom records and paleoclimate reconstructions based on those records. 
With variations in zooplankton community structure and relationships with inedible 
diatoms between sites, a better understanding of site-specific ecology is needed to assess 
the role of grazing pressure in shaping diatom communities at individual lakes. As 
zooplankton can be influenced by both top-down and bottom-up drivers, interpretations 
of community changes in sediment records can be complex. Further experimental work is 
necessary to quantitatively account for effects of grazing on the integrity of diatom 
records. In addition to implications for the accuracy of diatom-based reconstructions, 
sedimentary zooplankton records can also provide additional insight into changes in 
habitat zonation, water chemistry, and food web structure within lakes, allowing for a 
more fully developed ecological perspective on whole-lake response to environmental 
change.  
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CHAPTER 4 
ADDRESSING SPATIAL VARIABILITY IN PALEOCLIMATE INFERENCES: 
A CASE STUDY FROM THE NORTHERN GREAT PLAINS (USA) 
 
4.1. Chapter Abstract 
Variation in the degree of coherence among lakes in response to climate has 
important implications for extrapolating individual lake sediment records to regional 
climate reconstructions. Integrating additional ecological characteristics of proxy 
organisms into quantitative reconstructions may resolve these issues of spatial variability 
across records. Despite similar drought conditions across the Northern Great Plains over 
the past century, diatom-inferred salinity (DIS) from six lake sediment records was not 
uniform. Ecological characteristics of diatom species were unevenly distributed along the 
salinity gradient for the original Great Plains calibration set, with planktic species having 
the highest salinity optima, and inedible species having moderate optima. Modified DIS 
reconstructions and alternative ecological features of diatom communities improved 
drought inferences from sediments. Based on comparisons to instrumental drought 
records, DIS reconstructions from ecological subsets performed best at Moon Lake (DIS-
inedible), Coldwater Lake (DIS-benthic), and Rice Lake (DIS-planktic), and other 
community characteristics performed best at Lake Cochrane (planktic:benthic), Round 
Lake (% epiphytes), and Kettle Lake (% inedible to zooplankton). Though coherence in 
DIS records across sites was not improved with this approach, within-lake representation 
of drought records was improved by using modified DIS and ecological characteristics of 
diatom communities. 
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4.2. Introduction 
The degree of coherence across lakes in response to large-scale drivers has 
particular importance for extrapolating individual lake sediment records to regional 
signals of environmental change. While regionally-coherent signals have been found 
across sediment records for different drivers and proxies (Patoine and Leavitt 2006, 
Shuman et al. 2009, Holtgrieve et al. 2011, Bracht-Flyr and Fritz 2012), in other cases 
lake responses to large-scale drivers have shown low to moderate coherence among 
records (Velle et al. 2005, McGowan et al. 2008, Perren et al. 2009, Hobbs et al. 2011a). 
This variation in the degree of coherence challenges the validity of regional extrapolation 
from single-site records. The assumption is that this spatial variability results from 
within-lake processes and individual lake response to change, but this continues to be 
largely unresolved, suggesting a need to better assess and address this issue to move 
forward. 
One approach for addressing issues of asynchrony and spatial variability in 
paleoclimate records is to more carefully consider the ecology of proxy organisms in 
order to understand other potential factors influencing community structure. 
Paleoecologists recognize the need to better integrate contemporary ecological 
information into paleoclimate reconstructions (Saros and Fritz 2000; Brodersen et al. 
2004; Saros 2009; Sayer et al. 2010).  Site-specific features, such as lake level and 
bathymetry (Stone and Fritz 2004), have the potential to influence biological proxies and 
modify inferences of other climate-driven changes. Biotic interactions, such as grazing 
(Trotter et al. 2002, Craine and McLauchlan 2004, Speed et al. 2011) and parasitism 
(Davis 1981, but see also Foster et al. 2006; Stanton 2007), have also modified 
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paleoclimate inferences. Therefore, various ecological characteristics of organisms used 
in reconstructing past climate conditions may alter their responsiveness to environmental 
changes caused by large-scale drivers and reduce the accuracy of paleoclimate 
reconstructions.  
With diverse ecological processes occurring at individual sites, the quantitative 
tools used to reconstruct past environments require refinement to more fully account for 
the ecology of proxy organisms. Though full community calibration sets have been most 
heavily used in paleolimnology to reconstruct water chemistry changes, transfer functions  
based on ecological species groupings have also been developed to improve the accuracy 
of reconstructions (ter Braak and van Dam 1987, O’Connell et al. 1997, Siver et al. 1999, 
Schönfelder et al. 2002, Denys 2007), though few studies explicitly compare the 
performance of transfer functions based on such ecological subsets of species (Bennion et 
al. 2001, Philibert and Prairie 2002). If additional ecological characteristics modify the 
response of species to the climate-related gradient of interest, and these characteristics 
have a biased distribution along that gradient, this can reduce the accuracy of inferences 
based on full diatom assemblages.  
One example of spatial variability in paleoclimate records is diatom-inferred 
salinity (DIS) reconstructions from the northern Great Plains (USA). Past drought 
conditions are reconstructed from lake sediment records in closed-basin systems in this 
region (Fritz et al. 1991, Laird et al. 1996a), based on the response of diatom assemblages 
to lakewater salinity changes (Gasse et al. 1997). However, DIS records in the Great 
Plains show low to moderate coherence in the timing and direction of change in DIS 
when compared across sites (Fritz et al. 2000). As this region is limited in alternative 
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climate proxy records, resolving the regional drought signal from lake sediments in this 
area is a key step towards understanding long-term climate patterns in the Great Plains. 
Evidence suggests that neither local variation in climate (Benson et al. 2000) nor 
hydrology (Jovanelly et al. 2001) is the primary cause of these issues.  
With disparate paleo-drought records in the northern Great Plains as a case study, 
I explored the ecological characteristics of diatom community structure in lake sediments 
to resolve these coherence issues. Here, I focus on integrating additional aspects of 
diatom ecology into standard quantitative techniques for diatom-based reconstructions. I 
separated the original salinity calibration set into ecological subsets of species 
(planktic/benthic, epiphytic/non-epiphytic, and edible/inedible to zooplankton), and 
developed new salinity transfer functions for each ecological group. I applied these 
subset transfer functions to sedimentary diatom profiles spanning the past century from 
six lakes throughout the northern Great Plains, and examined diatom community 
structure for other characteristics besides salinity optima that may serve as alternative 
proxies for past drought. To determine which salinity reconstructions or ecological 
characteristics produced the most accurate drought reconstruction at each site, the best 
metrics were selected based on the strongest correlations with instrumental drought 
records (Palmer Drought Severity Index).  
 
4.3. Methods 
4.3.1. Study site and instrumental drought records 
The northern Great Plains is a drought-prone semi-arid region in North America, 
containing numerous sub-saline and saline closed-basin lakes. This area has level to 
gently rolling topography and generally negative moisture balance (Precipitation - 
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Evaporation < 0). To explore lake response to regional climate patterns, six sites were 
selected in North and South Dakota (Fig. 4.1, Table 4.1): Moon Lake (Barnes County, 
ND), Coldwater Lake (McIntosh County, ND), Rice Lake (Ward County, ND), Kettle 
Lake (Williams County, ND), Round Lake (McHenry County, ND), and Lake Cochrane 
(Deuel County, SD). Moon Lake is the deepest of the six sites, with a steep sided central 
basin and gently sloping shallow areas along the shoreline. Coldwater Lake is a shallow, 
dual-basin system, with a shallow southern portion which separates from the main basin 
during droughts. The southwestern portion of the Rice Lake basin is shallow, with a 
slight drop-off into the deepest point in the northeast area. Kettle Lake is the farthest 
north, with the simplest round basin and evenly sloped sides. Bathymetry is currently 
unavailable for Round Lake. Lake Cochrane is slightly farther south, and has a simple 
elongated basin with gently sloping sides. Diatom profiles have been used to infer salinity 
and long-term drought patterns, for the last 2000 years in Moon Lake (Laird et al. 1996a) 
and Coldwater Lake (Fritz et al. 2000), and for the past 8500 years in Kettle Lake (Hobbs 
et al. 2011b).  Trace element analysis of ostracode records were also used to infer drought 
patterns for the last 2000 years at Rice Lake (Fritz et al. 2000, Yu et al. 2002). 
 The 36-month averages of the Palmer Drought Severity Index (PDSI) from the 
National Climatic Data Center (www.ncdc.noaa.gov) for U.S. Climatological Divisions 1 
(Rice Lake, Kettle Lake), 2 (Round Lake), 6 (Moon Lake), and 9 (Coldwater Lake) in 
North Dakota, and from division 7 (Lake Cochrane) in South Dakota, reveal that drought 
trends were similar across sites over the past century. 
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Figure 4.1. Map of study region and sites in the northern Great Plains (USA).  
 
 
 
Table 4.1. Select characteristics of six study sites in the Great Plains (USA).  
 
 
 
Lake Latitude  Longitude 
Mean annual 
precipitation 
Surface 
area 
Max. 
depth 
Average 
depth 
Salinity 
(cm) (km2) (m) (m) (g L-1) 
Moon 46o51’N 98o09’W 46 0.35 15 7 5.2 
Coldwater 46o01’N 99o05’W 46 0.50 6 5 3.0 
Cochrane 44o42’N 96o28’W 64 1.44 7 4 2.5 
Rice 48o00’N 101o32’W 46 0.89 10 3 1.8 
Round 48o02’N 100o18’W 38 0.03 15 3 2.6 
Kettle 48o36’N 103o37’W 31 0.02 11 5 0.8 
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4.3.2. Sediment core collection and diatom ecology 
 Sediment cores were collected at six different sites between 1991-1994 with a 5 
or 8-cm diameter piston corer with rigid drive rods from either the ice or a boat. Cores of 
the upper 1.0-1.5 m of sediment were collected from the deepest portion of the lake, and 
sediment-water interfaces were visually inspected to ensure integrity of upper sediment 
layers. Cores were extruded in the field in 1 to 2-cm intervals, and dated with 
210
Pb 
methods (Eakins and Morrison 1978). In lab, diatom samples were processed with 10% 
hydrochloric acid and 30% hydrogen peroxide to remove organic matter, and at least 300 
diatom valves were counted per sample (Patrick and Reimer 1966 & 1975, Krammer and 
Lange-Bertalot 1986, Spaulding et al. 2010).    
 
4.3.3. Diatom-inferred salinity 
 Diatom-inferred salinity was reconstructed for fossil diatom assemblages at each 
site, using a transfer function developed from 55 prairie lakes in this region (Fritz et al. 
1991). Additional lakes (Fritz, unpublished data, 2010; Hobbs et al. 2011b) were added to 
the original calibration set for a total of 79 lakes, and a new weighted-averaging transfer 
function was developed for salinity using taxa with >2% relative abundance in any one 
sample, without transforming or downweighting of species data prior to running the 
model. Salinity was log-transformed to improve normality and reduce right skewness 
prior to developing transfer functions (Hobbs et al. 2011b). Salinity optima and 
reconstructed values presented here were back-transformed to g L
-1
. Model performance 
was evaluated by root mean-squared error of prediction (RMSEP) with mean 
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bootstrapping methods at 1000 cycles. This transfer function, based on the full diatom 
assemblage (DIS-full) was applied to sedimentary diatom records from all six sites.  
Ecological subsets of diatom taxa were selected for the development of revised 
transfer functions. Each diatom species was classified according to ecological 
characteristics (Patrick and Reimer 1966 & 1975, Krammer and Lange-Bertalot 1986, 
Spaulding et al. 2010) as planktic or benthic, epiphytic or non-epiphytic, and edible or 
inedible to zooplankton. Tychoplanktic taxa were generally a small portion of the 
assemblages, and were excluded from the analysis (see Chapter 2). As edibility of algal 
cells for zooplankton is primarily dependent on cell size (e.g. Porter 1973, Reynolds 
1984, Bergquist et al. 1985, Thorp and Covich 1991, Cottingham 1999), I defined the 
edibility of species based upon the greatest axial linear dimension (GALD, Carpenter et 
al. 1993, Dickman et al. 2008). Edible diatom species were ≤ 30 µm GALD, and inedible 
species were > 30 µm GALD or with additional defensive structures such as spines (see 
Chapter 3). Transfer functions were then developed for ecological subsets for planktic 
taxa only, benthic taxa only, epiphytic taxa only, and inedible taxa only (DIS-planktic, 
DIS-benthic, DIS-epiphytic, and DIS-inedible, respectively). Transfer functions for each 
subset were developed following the same methods for the full calibration set, and all 
transfer functions and reconstructions were performed using C2 (version 1.7.2, Juggins 
2003) 
 
4.3.4. Statistical analysis 
 Detrended correspondence analysis (DCA) was used to examine patterns of 
change in fossil diatom assemblages. For each site, DCAs were performed on species 
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with >1% relative abundance in any one sample in the core, with species data 
untransformed and rare taxa downweighted. Relationships among instrumental data, 
ecological characteristics of diatom taxa, and DCA scores were explored with 
Spearman’s rank non-parametric correlations, with appropriate Bonferroni corrections for 
indicated significance testing. Coherence across lakes was evaluated for annual data for 
PDSI from 1900 to 2011. In order to make comparisons among lake sediment core 
variables with different lakes, values for core parameters were averaged for 5-year 
increments beginning in 1900 through 1995 (i.e. 1900-1904, 1905-1909, etc.), for a total 
of 19 potential binned dates over the past century. As samples were less abundant in the 
early sections of cores, some binned date samples were excluded from pairwise lake 
comparisons for Coldwater (1900), Cochrane (1905, 1910, 1920), Rice (1905, 1915, 
1925), Round (1900-1930, 1990), and Kettle (1910). All statistical analyses were 
completed using R (version 2.14.2). 
  
4.4. Results 
4.4.1.  Changes during the 20
th
 century in diatom community structure and 
ecology 
  Each site exhibited varying patterns of change in recent records across a range of 
fossil diatom-based parameters (see Appendix for diatom profiles of each lake). During 
the past century at Moon Lake, Chaetoceros elmorei/muelleri Boyer (salinity optimum = 
11.8 g L
-1
) comprised > 70% of the assemblage from 1933-1941, and Rhoicosphenia 
curvata (Kützing) Grunow (optimum = 3.2 g L
-1
) peaked between 1960-1980. DIS-full 
was highest in the early 1800s and from 1870-1890, and was high but variable between 
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1930 and the mid-1950s (Fig. 4.2a). DIS-full was also relatively high in recent sediments 
from 1980-1990. Planktic:benthic ratios (P:B) peaked in the 1930s and at 1950. The 
percentage of inedible species at Moon Lake was > 80% for most samples in the past 
century. Few epiphytes were present from 1935-1940, and the percentage of epiphytic 
species was highest in the early 1920s, from 1960-1980, and in the late 1980s (> 50%).  
 In Coldwater Lake, common diatom taxa included Chaetoceros elmorei/muelleri 
(peaks in the early 1930s and early 1960s), Cyclotella quillensis Bailey (salinity optimum 
= 12.3 g L
-1
; most abundant from 1935-1960), and Cyclotella meneghiniana Kützing (2.9 
g L
-1
; highest during the 1950s). In more recent samples, Fragilaria capucina var. 
mesolepta Rabenhorst (0.53 g L
-1
) peaked in 1970 with >60% relative abundance, and 
Achnanthes minutissima Kützing (0.98 g L
-1
) and Cocconeis placentula var. lineata 
(Ehrenberg) van Heurck (1.3 g L
-1
) were also more common in the 1980s. DIS-full was 
highest at Coldwater Lake from the 1930s to the mid-1940s (Fig. 4.2b), with salinity low 
in 1970 and remaining low but stable until time of core collection in the early 1990s. P:B 
peaked during the Dust Bowl of the 1930s, with a slight increase in the late 1960s. 
Inedible species were high in the early record, and high from the 1930s until the mid-
1940s with additional peaks around the 1970s and late 1980s. Percentage of epiphytes 
was also high in the early record, prior to 1915, with a small increase around 1950 as well 
as from 1975-1985. 
 In Lake Cochrane, dominant diatom species included Chaetoceros 
elmorei/muelleri (most common from 1940-1960), Cyclotella michiganiana Skvortzov 
(salinity optimum = 0.73 g L
-1
; abundant post-1970), and Amphora ovalis var. pediculus 
(Kützing) van Heurck (2.3 g L
-1
; peak in the mid-1930s and again from the late 1950s to  
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Figure 4.2. Diatom-inferred salinity (DIS), Palmer Drought Severity Index (PDSI), 
diatom community characteristics, and detrended correspondence analysis (DCA) scores 
for six lakes. A) Moon Lake, B) Coldwater Lake, C) Lake Cochrane. DIS from the best 
ecological subset at each site (reconstructed values with strongest correlation to PDSI) is 
shown in gray with full assemblage DIS (DIS-full) in black. DCA scores for Axis 1 are 
presented in black, and Axis 2 scores in gray.  
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Figure 4.2. (continued) Diatom-inferred salinity (DIS), Palmer Drought Severity Index 
(PDSI), diatom community characteristics, and detrended correspondence analysis 
(DCA) scores for six lakes. D) Rice Lake, E) Round Lake, and F) Kettle Lake. DIS from 
the best ecological subset at each site (reconstructed values with strongest correlation to 
PDSI) is shown in gray with full assemblage DIS (DIS-full) in black. DCA scores for 
Axis 1 are presented in black, and Axis 2 scores in gray.  
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Figure 4.2. (continued) 
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the mid-1960s). Fragilaria brevistriata Grunow in van Heurck (0.54 g L
-1
) was also 
abundant prior to 1930, but low for the remainder of the record. DIS-full at Lake 
Cochrane showed little fluctuation throughout the core, with a peak salinity around 1950 
(Fig. 4.2c). P:B was very low throughout the core, but peaks were present in the late 
1940s to the early 1950s, and in the 1980s. The percentage of inedible taxa was highest in 
the late 1940s to the early 1950s, and the percentage of epiphytic taxa peaked in 1930 and 
again from 1950-1970.  
 At Rice Lake, there was a shift in diatom species around 1930, with several taxa 
peaking prior to 1930 (Achnanthes minutissima, Cymbella microcephala Grunow (not 
present in calibration set), Mastogloia smithii var. lacustris Grunow (salinity optimum = 
1.1 g L
-1
), Cyclotella michiganiana, and Nitzschia denticula Grunow (2.0 g L
-1
)), and 
others peaking after 1930 (Cymbella cymbiformis C. Agardh (0.99 g L
-1
), Denticula 
elegans Kützing (not present in calibration set), Cymbella pusilla Grunow (8.6 g L
-1
), 
Navicula oblonga (Kützing) Kützing (1.7 g L
-1
), Mastogloia elliptica var. dansei 
(Thwaites) Cleve (8.3 g L
-1
), Amphora ovalis var. pediculus). Cyclotella bodanica 
(Eulenstein) Cleve-Euler (0.66 g L
-1
), N. oblonga, and M. smithii var. lacustris also 
increased post-1970. DIS-full at Rice Lake was highest from 1945-1955, with a slight 
peak in 1930 as well (Fig. 4.2d). P:B ratios were low and < 1 during the past century. P:B 
was higher prior to 1930, and then showed a slight but steady increase throughout the 
core until the time of collection. Inedible taxa were low prior to 1950, and averaged 
around 60% of the assemblages for the second half of the century (with slightly lower 
values in the 1960s). Epiphytic taxa were most common from 1930-1950, with lowest 
values around 1960.  
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 The Round Lake record was the shortest of the six lakes, only dating back to 
1936. At this site, Fragilaria vaucheriae (Kützing) Petersen (salinity optimum = 0.63 g 
L
-1
) and Diatoma tenue var. elongatum (Patrick and Reimer 1966; optimum = 7.8 g L
-1
) 
were common but variable throughout the record. Chaetoceros elmorei/muelleri peaked 
twice around 1950, comprising > 80% of the assemblage, but was low or absent in the 
rest of the core. Cyclotella quillensis was only present in one sample in the 1940s, but 
comprised 27% of the community at that time. Gomphoneis olivaceum (Hornemann) 
Dawson ex Ross & Simms 1978 (2.6 g L
-1
) was abundant prior to 1945. Achnanthes 
minutissima and Nitzschia amphibia Grunow (1.4 g L
-1
) peaked around 1960, and 
Rhoicosphenia curvata peaked in the late 1970s. DIS-full and P:B in Round showed very 
similar patterns, with peaks around 1950 in both variables that were coincident with high 
abundance of C. elmorei/muelleri (Fig. 4.2e). Inedible species were most common in the 
late 1940s to mid-1950s, and least abundant in the early 1960s. The percentage of 
inedible species was relatively high but variable post-1965. Epiphytic taxa were common 
in the early part of the core until the mid 1940s, with a sharp decline to the lowest values 
in the record. Epiphytes were present but variable, with peaks in the early portion of each 
decade throughout the record and the highest value in 1962 (85% of the assemblage).  
 Fossil diatom assemblages at Kettle Lake were diverse, with several different taxa 
dominating the record at varying times. Achnanthes minutissima was present for much of 
the record, with a peak around 1920. Chaetoceros elmorei/muelleri peaked in the early 
core around 1908, but was not common in the rest of the core. Synedra tenera (W. Smith) 
(not present in calibration set), Diatoma tenue var. elongatum, and Cyclotella 
meneghiniana peaked both in the early 1900s as well as during the 1930s. In the early 
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1950s, the assemblage was dominated by Synedra acus (salinity optimum = 1.5 g L
-1
), 
Stephanodiscus parvus (1.7 g L
-1
), and Cymbella cymbiformis. Synedra delicatissima 
W.Smith (not present in calibration set), and Cocconeis placentula var. euglypta 
(Ehrenberg) Cleve (6.1 g L
-1
) were more common in recent sediments post-1970. 
Asterionella formosa Hassall (0.2 g L
-1
) and D. tenue var. elongatum showed two peaks 
in the late 1970s and again in the late 1980s. DIS-full at Kettle Lake was highest in 1908, 
again concurrent with high abundance of C. elmorei/muelleri, with a slight peak in the 
early 1930s and again in the top of the core in 1994 (Fig. 4.2f). P:B was relatively low in 
this lake, with peaks in the early 1940s and 1950s. Inedible taxa have generally decreased 
throughout the past century with slight peaks in the mid-1940s and around 1980. 
Percentage of epiphytic species was variable at this site, with highest values from 
approximately 1915 until the mid-1930s. After a peak around 1956, epiphytes generally 
comprised between 35-40% of the assemblage for the remainder of the record.   
  
4.4.2. Salinity calibration sets 
 DIS-full had the strongest model performance (with 149 species, R
2
=0.91, 
RMSEP = 0.31). Despite fewer taxa within each ecological group, the modified models 
performed well for diatom subsets, including inedible taxa only (81 species, R
2
=0.88, 
RMSEP = 0.36), planktic taxa only (27 species, R
2
=0.82, RMSEP = 0.35), benthic taxa 
only (86 species, R
2
=0.77, RMSEP = 0.44), and epiphytic taxa only (41 species, R
2
=0.67, 
RMSEP = 0.50). 
 In 5 of the 6 lakes, applying a transfer function from an ecological subset model 
improved correlation with PDSI over the full assemblage function (Table 4.2). The  
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Table 4.2. Spearman’s non-parametric correlations between Palmer Drought Severity 
Index (PDSI) and diatom-inferred salinity (DIS) based on different ecological subsets of 
diatom species used in the salinity transfer function. Bold ρ value indicates significant 
correlation at α = 0.01 (Bonferroni correction α = 0.05/5). 
 
 
inedible-only model (DIS-inedible) was the best model at Moon Lake, and was the only 
reconstruction (of any models) significantly correlated with PDSI (ρ = -0.39, p = 0.01, 
α=0.01 with Bonferroni correction for 5 tests). The correlation between PDSI and DIS-
full (ρ = -0.35, p = 0.02) was slightly weaker than that with DIS-inedible at Moon. The 
planktic-only subset (DIS-planktic) was the best model at Rice Lake (ρ = -0.32, p = 0.06, 
compared to DIS-full: ρ = 0.06, p = 0.74), and the benthic-only model (DIS-benthic, ρ = -
0.22, p = 0.18) improved the correlation over DIS-full (ρ = 0.03, p = 0.85) at Coldwater. 
The best model at Cochrane was the epiphytic subset (DIS-epiphytic, ρ = -0.26, p = 0.19, 
compared to DIS-full: ρ = 0.11, p = 0.59), and DIS-benthic and DIS-epiphytic performed 
equally at Kettle (ρ = -0.27, p = 0.17 for both), improving over DIS-full (ρ = -0.06, p = 
0.78). While correlations were also improved at Round Lake for the sub-sets (ρ = 0.29, p 
= 0.06 for both DIS-benthic and DIS-epiphytic) over DIS-full (ρ = 0.21, p = 0.18), this 
positive relationship between diatom-inferred salinity and PDSI is opposite of what 
would be predicted, as drier conditions or negative PDSI should result in an increased 
lakewater salinity value.  
PDSI with: Moon Coldwater Cochrane Rice Round Kettle 
DIS –full -0.35 0.03 0.11 0.06 0.21 -0.06 
DIS - inedible -0.39 -0.02 0.25 0.24 0.10 -0.21 
DIS - planktic 0.18 0.28 -0.09 -0.32 0.20 0.17 
DIS - benthic -0.28 -0.22 -0.12 0.19 0.29 -0.27 
DIS - epiphyte -0.28 0.13 -0.26 0.13 0.29 -0.27 
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 Reconstructed salinity values at each site were strongly influenced by the ecology 
of diatom taxa used to build transfer functions (Fig. 4.3). The subsets of diatoms 
sometimes captured similar signals to one another, yet in other cases resulted in very 
different DIS-full patterns within a given site. Generally, DIS-benthic and DIS-epiphytic 
reconstructions were similar in pattern and relationships with PDSI, due to all epiphytic 
species also being categorized as benthic. At Moon Lake, though DIS-inedible improved 
the relationship with PDSI over the full assemblage, there were only minor differences in 
inferred salinity values compared to those based on all taxa. DIS-benthic and DIS-
epiphyte captured a similar high salinity signal in the 1980s to that of DIS-full and DIS-
inedible, but these subsets showed only minor changes for the rest of the record. As 
planktic taxa made up a small proportion of the fossil assemblage at this site, DIS-
planktic varied only slightly over the past century. At Coldwater Lake, the DIS-full 
appeared to be driven by inedible and planktic species, as DIS-inedible and DIS-planktic 
were similar in pattern but with an amplified change in salinity. DIS-benthic had the 
strongest correlation with PDSI, but did not register a large change in salinity during the 
Dust Bowl of the 1930s as seen with the full assemblage as well as inedible and planktic 
subsets. DIS-planktic was most strongly related to PDSI, and also had the largest range of 
reconstructed salinity values. For all reconstructions, however, variation in salinity values 
was higher from approximately 1930-1960, with low, stable salinity values before and 
after that time period. 
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Figure 4.3. Comparison of diatom-inferred salinity reconstructions based on full diatom 
assemblage as well as ecological subsets of species shown for three of the six sites. A) 
Moon, B) Coldwater, and C) Rice Lake. Bolded titles indicate highest Spearman’s rho 
correlations to PDSI, with rho values (ρ) indicated on each graph. 
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4.4.3.  Detrended correspondence analysis: diatom community changes and 
ecological characteristics 
 Ecological characteristics of diatom communities (P:B, percent inedible taxa, and 
percent epiphytic taxa) associated with species assemblage turnover, as indicated by 
DCA axis scores, varied by lake during the past century (Table 4.3). At Moon Lake, 
DCA axis 1 explained 35.6% of the total inertia, and was most strongly correlated with 
percent epiphytes (ρ = 0.83) and percent inedible taxa (ρ = -0.55). Axis 2 explained 
18.8% of the variation and was most associated with the P:B ratio (ρ = -0.32). At 
Coldwater Lake, axis 1 (15.9% total inertia) correlated with percent epiphytes (ρ = -0.88) 
and axis 2 (11.2% of total inertia) correlated with percent inedible species (ρ = 0.62). 
Lake Cochrane’s axis 1 explained 37.4% of the variation and axis 2 explained 14.8%. 
Axis 1 was similarly correlated with all three ecological characteristics, with P:B being 
the strongest (ρ = 0.27; % inedible ρ = -0.25; % epiphytes ρ = -0.25), and P:B was also 
strongly correlated with axis 2 (ρ = -0.73). For Rice Lake, axis 1 (22.5% of total inertia) 
is related to both P:B and percent epiphytic species (ρ = -0.7 and ρ = 0.69, respectively), 
and axis 2 (15.6% of variation) was also related to P:B (ρ = 0.55). At Round Lake, 
percent epiphytes (ρ = -0.82) were most strongly correlated with axis 1, which explained 
24.5% of the total variation, and P:B (ρ = 0.31) was related to axis 2 (17.8 % of 
variation). For Kettle Lake, DCA axis 1 explained 17.0% and axis 2 explained 9.0% of 
the total inertia. Percent epiphytes were correlated with axis 1 (ρ = 0-.23) and P:B was 
correlated with axis 2 (ρ = -0.72). 
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4.4.4. Correlations among drought and diatom community characteristics 
 When comparing PDSI with characteristics of fossil diatom communities, Moon 
Lake was the only site with the highest correlation between PDSI and DIS-full (ρ = -0.35, 
Table 4.4). PDSI was most highly correlated with percentage of epiphytes at three of the 
six sites, particularly at Round (ρ = -0.53) and to a lesser extent at Coldwater (ρ = -0.17) 
and Rice (ρ = 0.15). PDSI at Cochrane was best correlated with P:B (ρ = 0.49), and with 
percent inedible taxa at Kettle (ρ = 0.32) and also at Round (ρ = 0.43), though not as 
strongly as with epiphytes at this site. The internal correlations of the diatom community 
characteristics also varied by site, although P:B and percent epiphytes were correlated at 
all six lakes due to the fact that all epiphytes were generalized as benthic for calculations 
of P:B ratios. In addition, P:B, percent inedible, and percent epiphytes covaried strongly 
at Moon Lake during the past century. At Round Lake, there was also strong covariance 
among internal characteristics. 
 
Table 4.4. Spearman’s non-parametric correlations among Palmer Drought Severity 
Index (PDSI), diatom-inferred salinity (DIS), and other ecological characteristics of fossil 
diatom communities. Bold ρ values indicate significant correlations at α = 0.007 
(Bonferroni correction α = 0.05/7). 
 
 
    Moon Coldwater Cochrane Rice Round Kettle 
PDSI with: DIS  -0.35 0.003 0.11 0.06 0.21 -0.06 
 
P:B -0.07 0.003 0.49 0.1 0.18 -0.12 
  % inedible -0.18 0.14 0.16 -0.05 0.43 0.32 
  % epiphytes 0.2 -0.17 -0.16 0.15 -0.53 0.03 
        P:B with: % inedible 0.84 -0.23 0.09 0.31 0.47 0.08 
  % epiphytes -0.65 -0.73 -0.61 -0.75 -0.68 -0.83 
        % inedible with: % epiphytes -0.72 -0.08 0.33 -0.17 -0.64 -0.21 
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4.4.5. Best drought metrics and coherence across lakes 
Pairwise correlations of PDSI across the five climate zones show a strong regional 
drought signal (average ρ = 0.61), with significant correlations for all climate zone pairs 
(α = 0.05/5 zones = 0.01). The lowest correlations occurred between North Dakota 
division 1 and South Dakota division 7 (ρ = 0.28, p = 0.003), as well as for North Dakota 
division 2 and South Dakota division 7 (ρ = 0.32, p < 0.001) which were the divisions 
farthest from each other. Other pairwise comparisons ranged in correlation from ρ = 0.54 
to ρ = 0.87. 
 When comparing PDSI to various diatom-inferred salinity reconstructions and 
other diatom assemblage characteristics, each lake had a different variable that best 
correlated with PDSI. Different subset DIS models were the strongest drought metrics at 
Moon (DIS-inedible), Coldwater (DIS-benthic), and Rice (DIS-planktic). Non-DIS 
metrics were the strongest drought indicators at Cochrane (P:B), Round (% epiphytic), 
and Kettle (% inedible), though DIS-epiphytic was also similarly correlated with PDSI at 
this site.  
 While the best diatom-inferred salinity model showed improved relationships 
over the DIS-full with PDSI at individual sites, salinity reconstructions for ecological 
diatom subsets did not improve regional coherence in DIS among lakes for binned 
samples. Coherence across lakes for the best DIS model (strongest reconstructed salinity 
relationship with PDSI at each site) was lower (average ρ = 0.10, with no significant 
correlations among the 15 lake pairs) than coherence for DIS-full (average ρ = 0.33, with 
3 of 15 lake pairs significantly correlated) across all lakes. Significant lake pairs for DIS-
full (α = 0.05/6 sites = 0.008) included Moon and Coldwater (ρ = 0.67, p = 0.002), 
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Cochrane and Rice (ρ = 0.83, p < 0.001), and Cochrane and Round (ρ = 0.86, p < 0.001). 
Coherence across lakes for best drought metric was not assessed across lakes, due to 
directional and mechanistic differences in relationships among variables. However, 
ecological subset models of salinity did improve within-site correlations with drought 
records across all lakes. The average correlation for DIS-full with PDSI (ρ = -0.01) was 
lower than the average of each lake’s best subset DI-salinity with PDSI (ρ = -0.20). This 
correlation is slightly higher if Round Lake is removed, as this lake displays a positive 
correlation between PDSI and DIS rather than the predicted negative relationship 
(average without Round ρ = -0.29). Within-site correlations with PDSI were further 
improved when using the best drought metric for each site (average of absolute values ρ 
= 0.38).  
 
4.5. Discussion  
In regions with limited but disparate paleoclimate records (Velle et al. 2005, 
McGowan et al. 2008, Perren et al. 2009, Hobbs et al. 2011a), alternative approaches may 
be needed that incorporate ecology more effectively than traditional calibration set 
methods. Habitat preferences and within-lake ecological processes can alter diatom 
community structure such that transfer function reconstructions may not comprehensively 
capture climate-driven change in the sediment record. I present two approaches to deal 
with these issues here: 1) refine the use of calibration sets by developing transfer 
functions for ecological subsets of diatoms in order to reconstruct salinity, and 2) explore 
alternate diatom community characteristics (such as P:B, percent epiphytes, and percent 
inedible taxa) as drought indicators if diatom-inferred salinity does not correlate well 
95 
 
with instrumental records. I tested these methods at multiple sites for cores spanning the 
past century to compare different metrics with instrumental records to identify which 
parameter best represented the drought signal in the sediment record at each lake. The 
best correlations with PDSI varied by site, with DIS reconstructions from ecological 
subsets performing best at Moon Lake (DIS-inedible), Coldwater Lake (DIS-benthic), 
and Rice Lake (DIS-planktic), and other community characteristics performing best at 
Lake Cochrane (P:B), Round Lake (% epiphytes), and Kettle Lake (% inedible taxa). 
Diatom-inferred salinity reconstructions with ecological subsets of diatom species 
improved correlations with PDSI relative to the full calibration set at five of the six sites, 
despite having fewer taxa in the modified species datasets. The exception in this study 
was Round Lake, which did show a higher positive correlation with DIS subsets; this was 
not considered an improvement as it is unclear mechanistically why salinity would 
decrease under drier conditions at this site. Other calibration sets and transfer functions 
have been developed based on ecological species groupings to reconstruct water 
chemistry changes, including planktic species only (Siver et al. 1999), and epiphytic 
species only (O’Connell et al. 1997, Denys 2007), as well as focusing on taxa found in 
littoral zones (ter Braak and van Dam 1987, Schönfelder et al. 2002). Few studies have 
explicitly compared the performance of transfer functions based on ecological subsets of 
diatom species. Bennion et al. (2001) compared a full diatom community phosphorus 
model to a reduced species model with a few dominant but non-planktic species removed. 
Despite the deletion of taxa with wide tolerance ranges, the reduced model performance 
did not improve, because so few species remained to calculate phosphorus values.  
Philibert and Prairie (2002), when comparing a full species set with planktic only and 
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benthic only models, found that both planktic and benthic subsets can accurately 
represent open-water chemistry, though the species deletion reduced performance relative 
to the full species set. As discussed in these studies, other non-chemical factors may 
interfere with the traditional calibration set approach to reconstructing water chemistry 
and environmental changes. Performance of diatom-inferred salinity presented here was 
strongly influenced by the internal structure of the full calibration set, as well as 
dominant diatom species at each site. For example, due to the distribution of planktic 
versus benthic taxa along the original salinity gradient, Coldwater Lake reconstructions 
were driven by the presence of dominant planktic species with high salinity optima. In 
this case, reconstructions based on benthic taxa alone better reflected PDSI and, hence, 
changes in lakewater salinity. The incorporation of additional ecological characteristics 
into interpretations of sediment records clarified mechanisms that caused mismatches 
between DIS and PDSI.  
While salinity reconstructions for different ecological subsets improved 
relationships with PDSI in most cases, diatom-based characteristics may be preferable 
over salinity reconstructions as proxies for drought at some sites. Lake depth influences 
diatom community structure (Moos et al. 2005, Laird et al. 2010), and diatom community 
P:B can serve as an indicator of lake level change (e.g. Wolin and Duthie 1999) assuming 
a positive relationship between these two parameters. However, lake level models are 
critical to understanding the site-specific nature of this relationship (Stone and Fritz 
2004). P:B and percent epiphytic taxa have the highest potential for success in 
representing drought for simple basins, where changes in habitat zonation are more 
linearly related to lake level change. For example, PDSI at Lake Cochrane was strongly 
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correlated with P:B ratios, likely due to its simplistic basin shape and positive 
relationship between P:B and lake level change (see Chapter 2). PDSI was also best 
correlated with percent epiphytic species at Round Lake, whereas the DIS reconstructions 
were difficult to interpret due to the positive relationship between DIS and PDSI.  
Zooplankton grazing can also affect diatom community structure, thus it remains 
unclear whether changes in edible diatom taxa in sediment records can reliably represent 
drought. Like diatoms, zooplankton communities respond to variations in lakewater 
salinity (Hammer and Forró 1992, Bos et al. 1999, Derry et al. 2003), habitat zonation 
(Alhonen 1970, Hofmann 1998), and predation influences from upper trophic levels (e.g. 
Brooks and Dodson 1965). Seasonal variation in zooplankton-algae interactions is also 
important to consider, particularly considering that the springtime coupling of these 
interactions can be sensitive to large-scale climatic changes (Adrian et al. 1999, Straile 
and Adrian 2000, Winder and Schindler 2004, Gaedke et al. 2009). Additional seasonal 
information on zooplankton community structure at these prairie lakes would aid in 
understanding zooplankton grazing effects on algae, as zooplankton body size and 
ecology can influence the strength of grazing pressure on shaping diatom records (Wetzel 
2001). At Kettle Lake, percent inedible diatom taxa was most strongly related to the 
instrumental record, though DIS-epiphytic and DIS-benthic were also similarly correlated 
to PDSI. In this case, diatom-inferred salinity still appears to be one of the best indicators 
of drought and may be a preferable metric over percent inedible species, as the 
mechanism relating drought to zooplankton grazing effects on diatoms are not yet as 
clearly defined as that between drought and lakewater salinity.  
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Ecological subsets for DIS reconstructions improved relationships with drought at 
individual sites, but did not improve the coherence of a regional drought signal in lake 
sediment records. PDSI was synchronous across the region, though geographic distance 
reduced the strength of correlations. The low regional coherence of the drought signal 
represented by DIS may be partly due to the binning of core samples into 5-year 
groupings in order to compare the records statistically. However, this lack of regional 
signal may also be due to differences in individual lake response to large-scale 
environmental change, as the average within-site correlation was higher with PDSI for 
best salinity subsets and community characteristics relative to DIS-full. Despite strong 
regional climate forcing, changes in lakewater salinity may not be uniform across 
geographically-close sites (Reed et al. 1999, Tweed et al. 2011). Such differences in 
salinity response to climate change may be influenced by internal ecological processes 
within the lake that may override the salinity signal (as presented here), as well as 
groundwater fluxes and local hydrology. Differential groundwater inputs among sites 
may contribute to spatial variation in lake level and salinity changes (Almendinger 1990, 
Fritz et al. 2000), such that groundwater influences may increase salinity during drought 
(Donovan et al. 2002) or during floods (Telford et al. 1999). Interannual variation in 
summer precipitation may also result in different levels of coherence in wet versus dry 
summers (Pham et al. 2008). Pham et al. (2009) found a strong influence of winter 
precipitation as well as groundwater on lakewater salinity, such that long-term records 
may reflect changes in winter and spring dynamics rather than summer precipitation. In 
addition, links between climate conditions and lake response may vary through time 
(Bigler et al. 2002), with different abiotic and biotic drivers (e.g., water chemistry, habitat 
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zonation, zooplankton grazing effects) potentially varying in the strength of their 
influence on diatom community structure over longer timescales than were examined in 
this study.  Though I focused on how within-lake ecological processes can contribute to 
spatial variability across climate records, small-scale variations in climate itself can also 
result in reduced regional coherence among sites. I found strong coherence in 
instrumental drought records over the past century for these study sites in the Great 
Plains, but climate conditions can vary within geographic regions and cause disparities 
among records that are a true reflection of paleoclimate conditions (Verschuren et al. 
2000, Russell and Johnson 2007).  Further mechanistic research is needed to understand 
the balance between these various processes and quantify influences on climate signals 
contained within lake sediment records. 
While incorporating ecological characteristics of fossil diatom communities 
improved our understanding of drought records at these sites, it is important to recognize 
that some sites may not be suitable for drought reconstructions. For example, at Round 
Lake, the strong covariation among variables in the core and unknown bathymetry result 
in unclear mechanisms driving changes in diatom community structure. Positive 
relationships between PDSI and all salinity reconstructions appeared to be a result of 
ecological characteristics of fossil diatom assemblages and uneven distribution of these 
traits across salinity gradients, rather than an accurate representation of drought. DIS-
benthic showed the highest positive correlation with PDSI. For the most abundant benthic 
species (>30% in at least one sample), A. minutissima (edible), G. olivaceum (edible), D. 
tenue var. elongatum (inedible), and R. curvata (inedible), the two edible taxa had lower 
salinity optima (0.98 g L
-1
 and 2.6 g L
-1
, respectively) and the inedible taxa had higher 
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salinity optima (7.8 g L
-1
 and 3.2 g L
-1
, respectively). If zooplankton grazing affects the 
benthic species in this system, it could explain the positive relationship between 
reconstructed salinity and PDSI. For non-DIS metrics of drought, the community 
characteristic mostly strongly associated with DCA Axis 1 at this site is percent epiphytic 
taxa, though % epiphytes and % inedible species are significantly correlated with each 
other and with PDSI. Though the percent of epiphytes was significantly correlated with 
PDSI at Round Lake, macrophyte communities and responses to climate change should 
be explored at this site before utilizing percent epiphytes as a drought proxy. While some 
systems may simply not be sensitive to climate-mediated changes in evaporation rate or 
lake area (Almendinger 1993), understanding the hydrological and ecological setting can 
aid in selecting appropriate sites as well as the proxies that best represent the 
paleoclimate record at individual sites. 
Despite coherence in drought conditions indicated by instrumental records, 
ecological responses to large-scale climate drivers were not uniform across prairie lakes 
in the northern Great Plains. The incorporation of additional ecological characteristics of 
diatom communities improved site-by-site interpretations of paleolimnological records. 
Modified diatom-inferred salinity reconstructions, based on ecological subsets of diatom 
species, improved correlations of diatom-inferred salinity with instrumental drought 
records at five of the six lakes. Other diatom community characteristics showed even 
stronger correlations with PDSI than diatom-inferred salinity at three lakes, including 
P:B, percent epiphtyes, and percent zooplankton-inedible taxa. The use of sediment cores 
spanning the last century allowed me to compare different metrics with instrumental 
records to identify the best proxy at individual lakes, which was dependent on site-
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specific ecological characteristics of diatom assemblages. Though the regional coherence 
of drought signals was not improved with the modified DIS method, within-lake 
representation of diatom community response to drought was improved with these 
alternative techniques over standard quantitative approaches at all sites. The influence of 
habitat preferences and susceptibility to zooplankton grazing can strongly influence 
diatom community structure and subsequent environmental reconstructions, and 
illustrates the importance of incorporating additional information on diatom ecology into 
our interpretations of lake sediment records. 
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CHAPTER 5 
CONCLUSION 
 
 This research demonstrates how various ecological processes create spatial 
variability across paleoclimate reconstructions, and illustrates the importance of 
thoroughly understanding whole-lake response to environmental change. The relative 
strength of chemical, physical, and biological drivers shaping diatom community 
structure varied by lake, altering the accuracy of diatom-inferred salinity (DIS) 
reconstructions to different degrees at each site. Accounting for these processes improved 
the representation of climate signals within sediment records, whether as a DIS 
reconstruction or alternative diatom community characteristic, based on comparisons to 
instrumental data over the past century.  
Paleoecologists have recognized the need to better integrate contemporary 
ecological information into paleoclimate reconstructions (Saros and Fritz 2000; 
Brodersen et al. 2004; Saros 2009; Sayer et al. 2010). Recent challenges to the overuse of 
calibration sets and transfer functions in paleolimnological studies (Juggins 2012) also 
call for a more critical evaluation of drivers of diatom community change and emphasize 
the importance of clearly understanding species-environment relationships. The work 
presented here supports the need to validate the accuracy of reconstructions, and provides 
evidence that alternative characteristics of diatom communities may better represent 
signals of environmental change than transfer function-based reconstructions. Due to 
variations in ecological processes within individual lakes, the accuracy of 
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paleolimnological reconstructions should be carefully analyzed before extrapolating to a 
larger regional scale from a single site. 
In Chapter 2, I found that the accuracy of drought reconstructions was affected by 
site-specific physical characteristics that altered relationships between lake level change 
and P:B habitat zonation within the lakes. Moon Lake showed the best correlation 
between drought and DIS, though this relationship was weaker during wetter conditions, 
as lake highstands resulted in a larger influence of benthic diatoms on DIS. At Coldwater 
Lake, a dual-basin system, P:B of habitat varied widely depending on lake level, and may 
have reduced the correlation between DIS and drought. At Lake Cochrane, the simplest 
of the three basins, the P:B of fossil diatoms was a better proxy for drought than DIS.  
The integration of additional ecological characteristics into interpretations of 
paleoclimate records, particularly for biologically-based reconstructions, is important to 
improve our understanding of site-specific responses to regional environmental changes. 
I demonstrated that zooplankton community structure, and therefore potential 
grazing pressure on diatom communities, differed across lakes and through time in 
Chapter 3. Moon Lake zooplankton assemblages were dominated by littoral zooplankton, 
including Alona sp., and the larger bodied taxa Leydigia leydigi and Pleuroxus sp. 
Leydigia leydigi may have particularly strong effects on the diatom record, as it can feed 
on organic material at the sediment-water interface. In Coldwater Lake, assemblages 
primarily included Bosmina sp., Alona sp., and Chydorus sphaericus. While these taxa 
were present throughout the core, older sediments were dominated by Alona sp., with a 
gradual shift in more recent sediments to Bosmina sp. comprising approximately 80% of 
the total assemblage. Zooplankton species present in the sedimentary assemblage of 
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Coldwater Lake were primarily small-bodied, with representatives from pelagic (Bosmina 
sp.) and littoral habitats (Alona sp., C. sphaericus). With L. leydigia at Moon and C. 
sphaericus and Alona sp. at Coldwater were positively correlated to percentage of 
inedible diatom species, the grazing influence of zooplankton species was likely different 
at each lake. These data suggest unique grazing pressure on diatoms at these two lakes, 
which may reduce the accuracy of drought indicators and paleosalinity reconstructions 
for the Great Plains. 
In Chapter 4, despite similar drought conditions over the past century, I found that 
the ecological response of lakes was not uniform across six sites in the Great Plains. 
Ecological characteristics of diatom species were unevenly distributed along the salinity 
gradient for the original Great Plains calibration set, with only planktic species at the 
highest salinity optima, and only inedible species within moderate salinities.  Modified 
DI-salinity reconstructions and alternative ecological features of diatom communities 
improved correlations with instrumental drought records. DIS reconstructions from 
ecological subsets performed best at Moon Lake (DIS-inedible), Coldwater Lake (DIS-
benthic), and Rice Lake (DIS-planktic), and other community characteristics performed 
best at Lake Cochrane (P:B), Round Lake (% epiphytes), and Kettle Lake (% inedible 
taxa). Though coherence in DIS records across the six lakes was not improved with 
modified subset reconstructions, within-lake representation of drought records was 
improved by using modified DIS and ecological characteristics of diatom communities. 
While incorporating additional ecological data into interpretations of sedimentary 
diatom records improved representation of drought signals within most sites, additional 
work is needed to develop quantitative methods for assessing the integrity of diatom 
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records. Experimental work will allow paleolimnologists to quantify grazing effects by 
different zooplankton taxa on diatom species used in DIS reconstructions, and more data 
on modern zooplankton communities would aid in assessing the preservation of different 
taxa within sediment records. Though cladoceran zooplankton were the focus of this 
work, due to their preservation in sedimentary records, selective feeding by copepods can 
also be important in shaping diatom communities and should also be considered in 
grazing studies. Three-dimensional modeling of habitat zonation within lakes could be 
refined by exploring the extent of benthic zone and macrophyte presence for epiphytic 
species. Another aspect that should be considered in future research is the seasonality of 
different drivers influencing diatom communities. The springtime coupling of 
interactions between zooplankton and phytoplankton communities can be sensitive to 
large-scale climatic forcing (Adrian et al. 1999, Straile and Adrian 2000, Winder and 
Schindler 2004, Gaedke et al. 2009). With diatom species dominating phytoplankton 
assemblages in the spring in these systems (Salm et al. 2009), variation in zooplankton 
grazing influences on diatom records could be driven by spring temperatures. These data, 
applied in a quantitative approach, could provide an index for the reliability of diatom 
communities in representing a particular signal of environmental change. 
In conclusion, the ecological setting of sites and the ecology of diatom species in 
fossil assemblages can strongly affect the accuracy of environmental reconstructions. In 
the Great Plains, we can improve valuable drought records preserved within lake 
sediments by including additional ecological information about diatom habitat preference 
and susceptibility to zooplankton grazing in our interpretations of these records. This 
approach of exploring the influences of within-lake processes on sediment records is 
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broadly applicable to paleolimnological studies, particularly with respect to 
environmental reconstructions based on biological proxies. 
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